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Preface

Polysaccharides are natural polymers and have huge application potentials in many of
our daily utilities especially in the medical and food sectors. These materials have vast
economic potential and are at the same time environment friendly and nontoxic. In
some cases pure polysaccharides suffer from poor mechanical properties. Thus
polysaccharide-based composites are more attractive and extensively studied. Many
fibers and friendly nano materials are reinforced in polysaccharides to prepare
composites and have desired application properties. Thus, polysaccharide-based
composites are one of the best alternatives to non-biodegradable petroleum-based
polymers and getting increasing application clearances. Due to its huge prospect many
researchers are engaged to come up with advanced materials and novel application
ideas.

With the progress of technologies, concepts and penetration of nanotechnology, we are
expecting better performing polysaccharide-based for drug delivery or tissue
engineering, or food/ pharmaceutical packaging and many other biomedical
applications. Due to huge research activity and constant progress on polysaccharide-
based composites, this book has been compiled, where we have received chapters from
some famous researchers in this sector from around the world who have agreed to share
their research expertise as well as visions for the future development of polysaccharide-
based composites.
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Chapter 1

Polysaccharide Composites as a
Wound-Healing Sponge

Ayesha Khalid', Naveera Naeem®, Taous Khan?and Fazli Wahid**"

'Department of Biotechnology, COMSATS University Islamabad, Abbottabad Campus 22060,
Pakistan

’Department of Pharmacy, COMSATS University Islamabad, Abbottabad Campus 22060,
Pakistan

3Department of Biomedical Sciences, Pak-Austria Fachhochschule: Institute of Applied Sciences
and Technology, Mang, Khanpur Road, Haripur, Pakistan

“fazliwahid@cuiatd.edu.pk

Abstract

The first wound treatment was designed five millennia ago. Since, then tremendous
scientific and technological advancements have been made to design multifunctional
wound healing materials. This chapter gives a comprehensive discussion on the
molecular and cellular events of wound repair and the biological aspects of
polysaccharide-based sponges as a dressing system. Overall, this chapter focuses on the
polysaccharides including alginate, cellulose, chitosan, hyaluronic acid, dextran and
others. It briefly recaps the recent progress made in developing their composite sponges.
Furthermore, the healing performance of these sponges is also discussed in detail.
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1. Introduction

Human skin is the largest multifunctional organ of the body that acts as a critical barrier
between human body and the external environment. The primary function of the skin is
protection from physical, chemical and biological assaulters and UV radiations [1]. Other
important functions of the skin include thermoregulation, sensation and synthesis of
vitamin D. As the skin has so much important functions, therefore, any damage or break
in the continuity of the skin must be rapidly and efficiently restored [2]. Naturally, skin
has remarkable regenerative properties. Following any injury, epithelial wound healing is
an inherently controlled multicellular process comprising of a series of highly
coordinated intercellular and intracellular pathways aiming to restore the epidermal
structure and function [3]. Acute cutaneous injuries usually heal within a week or two but
chronic and infected wounds do not heal in a predictable amount of time therefore
necessitate timely treatment and rehabilitation [2].

History of wound management illustrated that how the wound healing products evolved
over the years from topical ointments such as animal oils or fat, honey, mud and wine to
traditional dressings mainly cotton and wool gauzes. Although, most of these products
provided some benefit to acute wounds but fail to cure chronic and hard to heal wounds.
Therefore, gauze and cotton dressings were rapidly replaced in the second half of the 19"
century. Winter (1962) gave the principle of moist wound healing [2]. His concept sets
the ground for the development of new generation of dressings called occlusive dressings
including hyrocolloids, films, hydrogels, foam and sponges. These dressings are meant
for the functional recovery of wounds by providing a moist healing environment and act
as a barrier against microbial function. Semi occlusive and occlusive dressings are
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usually formulated by different natural polysaccharides due to their high hydrophilicity,
biocompatibility and low or no toxicity. In mechanism, polysaccharides target every
phase of wound healing thus maximizing the outcome in terms of tissue regeneration and
wound healing. Numerous advances have been made in terms of fabrication of these
dressings by using a polysaccharide alone or in combination with other synthetic
polymers, antimicrobial and wound healing agents to impart additional physicochemical
characteristics depending on the nature and type of the wound [2].

This chapter describes the mechanism of wound healing and the use of different
polysaccharide for wound care applications with a prime focus on polysaccharide based
sponges. The chapter presents the sponges of alginate, cellulose, chitosan, hyaluronic
acid, dextran and other with a brief recap of the recent progress made in developing their
composite sponges.

2. Wound healing from hemostasis to remodeling

The wound recovery process is initiated by the formation of fibrin clot that shields the
skin opening, followed by the regeneration of lost cells resulting in a healed tissue [4].
This complex process involves coordinated action of various cell types like leukocytes,
keratinocytes, endothelial cells, platelets, macrophages and fibroblasts. The cells migrate
to the wound interface and initiate the recovery process, which is directed and controlled
by the equally complex signaling molecules such as growth factors, chemokines and
cytokines [5]. These mediators are bio-active polypeptides that regulate the cellular
processes by altering the growth, differentiation and metabolism of the target cell. The
growth mediators trigger the cell lineages lying at the wound margin by binding to their
specific cell surface receptors or extra cellular matrix (ECM) proteins. This binding
activates the attachment of transcription factors to the promotor region of the gene that
results in the transcription of gene that is translated to a specific protein. The wound
healing proteins control the cell cycle, migration and differentiation patterns of the cells
in order to fill the wound gap [6]. These molecules actively control all the phases of
wound healing. The function of growth regulators are listed in Table 1. Any imbalance in
their expression leads to chronic wounds like diabetic foot ulcer, pressure ulcer, and
chronic venous leg ulcer [7].
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Table 1: Growth mediators expressed by different cell type that are involved in
thedifferent phases of healing.

S. Stage of . .
No. | wound healing Cell type Wound healing mediators References
. PDGF, TGF-B, TGF-a, VEGF,
1. Hemostasis Platelets IGE-1 and bEGE [3,5,6]
Monocvtes IL-1, IL-6, IL-8, PDGF, TGF-
Y o, TGF-B
2. | Inflammatory i [7,10]
Neutrophils & =\ w\ e o 1ENy, IGF-1 and FGF
Macrophages
, IL-1, PDGF, TGF-a, TGF-B,
Fibroblasts IGE-1 and EGE
3. | Proliferative _ PDGF, VEGF. IGF-1, bFGF [3,5,7]
Endothelial cells
and EGF
Keratinocvtes EGF, IGF, TGF-a, KGF and
y bFGF
4. Remodeling Fibroblasts PDGF, TGF-B, EGF and bFGF [6,7]

Wound healing comprises of chemically controlled four phases that overlap in space and
time; hemostasis, inflammation, proliferation and remodeling. Within a few moments
after an injury, the process of hemostasis gets activated to restrict the outflow of blood.
The hemostasis is characterized by vasoconstriction proceeded with platelet activation.
Activated platelets aggregate and get attached to the free collagen surfaces in the ECM in
order to form a platelet plug. This clot is composed of interlinked fibrin, vitronectin,
fibronectin, thrombospondin, erythrocytes and platelets, which serves as a provisional
matrix. The fibrin matrix befits like a scaffold in order to support infiltrating cells and
provide barrier against the invading microbes [8]. Additionally, this matrix acts as a
reservoir of chemical mediators necessary for the later stages of wound healing [9].
Followed by hemostasis, inflammatory cells recruit to the wound bed, initiating the next
phase of healing called inflammation. This phase functions in two ways by removing
dead cells and invaded microbes followed by deposition of collagen and
neovascularization. Here, mast cells, neutrophils and macrophages are actively involved
[10]. After 5 to 10 min of vasoconstriction, mast cells stimulate vasodilation by releasing
vasoactive amines and histamine rich granules, helping in migration of inflammatory
cells at the wound interphase. Neutrophils and monocyte act as a scavenger cell in the
inflammatory phase of healing. The migration of both cells from the circulating blood
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into extravascular space is facilitated by the slight molecular changes in the endothelial
cell surface [11]. Initially, slight interaction of leukocyte with the members of selectin
family of adhesion molecules allow them to slowdown and drag from the rapid
circulation, then considerable adhesion is mediated by integrins B2 which lead to
extravasation of neutrophils from the blood stream to the wound site. Within minutes,
active neutrophils arrive at the injury site to clear the invaded contaminants. Along with
that, neutrophils produce specific signals in the form of pro-inflammatory cytokines to
activate cells involved in the next phase of healing. As the wound bed gets cleared,
neutrophil milieu is phagocytosed by the tissue macrophages. Macrophages continue to
gather at the injury site by differentiation of monocytes released by blood stream.
Macrophages remove any pathogenic remnants and matrix debris. Moreover, once
activated, macrophages create signals for transition into proliferation phase such as,
collagen production, re-epithelialization and angiogenesis [8]. The proliferative phase
lasts 2 to 10 days post injury, characterized by migration and proliferation of various cell
types. The epidermal growth factor regulates the infiltration of keratinocytes at the
wound bed. New blood vessels formed by a process called angiogenesis to fulfil the
nutrient demand of the new skin cells [12]. Subsequently, fibroblast and macrophages
migrate and replace the fibrin matrix with granulation tissue [3]. In the later part of this
phase, macrophages stimulate fibroblasts lying at the wound margin or bone marrow to
differentiate into contractile cells called myofibroblast. Fibroblast and its differentiated
phenotype produce the collagen (Type-111) which is the main component of scar tissue.
The last phase of healing includes rearrangement of new cells to mimic the normal
anatomy of native skin. Remodeling starts after 2 to 3 weeks of injury and lasts for a
month or more [13]. It is the longest phase of healing characterized by dynamic changes
in tissue architecture by the involvement of proteolytic enzymes, mainly matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs). These
enzymes function in maintaining balance between synthesis and breakdown of ECM [14].
Most of the proliferative reactions ceases at this stage followed by apoptosis of
endothelial cells, myofibroblasts and macrophages. As the remodeling continuous
epithelial-mesenchymal interactions regulate the skin integrity and homeostasis. The
changes in the wound result into a mature wound with a gradual accumulation of type |
collagen along with larger blood vessels. Grossly, the healed skin tissue regain 80% of
elasticity in comparison with the original skin tissue [15]. Abnonormal expression of any
of the above mentioned events or growth mediator expression lead to impaired healing of
the wound that need treatment.
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3. History of wound treatment

Development of treatments for acute and chronic wounds with rapid and effective
outcomes remain a challenge since early times. The treatment of skin wounds aims to
restore the morphology and functionality of skin. For the injury to heal properly,
numerous curative products are designed, ranging from simple coverage, antiseptic
solutions, gauzes, gels and ointments to more complex dressing types termed as bioactive
or smart dressings [8]. Historically, various treatment strategies were opted to cure
wounds of different types. In 1600 BC, linen strips dipped in grease or oil covered with
plasters was the common strategy to cover the wound [16]. About 2500 BC, people in
Mesopotamia cleaned injury with milk or water followed by application of honey or resin
dressing. Furthermore, use of clay tablets was one of the oldest therapies, applied in the
form of plasters and bandage. Plasters still finds promising use in the present-day
treatment techniques as it provide protection and absorb wound exudate [17]. In 460-370
BC, Hippocrates of ancient Greece washed the wounds with wine or vinegar followed by
honey, oil or wines based bandage. In Mesopotamian culture a well-known saying stated
“Pound together fur-turpentine, pine-turpentine, tamarisk, daisy, flour of inninnu strain;
mix in milk and beer in a small copper pan; spread on skin; bind on him, and he shall
recover” [18]. Egyptians’ art of wrapping mummies introduced the concept of bandaging
of wounds. In addition, Egyptians controlled infections by painting green paint on the
wound surface, as per their belief that green indicated life but actually the paint contained
copper that possess healing activity. Moreover, Greeks used boiled wine or wine bandage
to avoid bacterial infection [19]. Later in the 19" century, the introduction of antibiotics
bought a major breakthrough in the antiseptic technique that controlled mortalities due to
infection [20]. At that time, traditional dressings including gauze bandages made of
woven or non-woven fibers of rayon, cotton, polyester and flax were introduced. Gauze
dressings soaked in different antiseptic chemicals, such as iodine and metal solutions,
were used to control the infections [21]. Gauze dressings were suitable for protecting
wounds from contamination and to stop bleeding but they do not play an active role in
healing of the damaged tissue. Similarly, these dressings may stick to the wound surface
thus desiccate the wound, and cause damage to the regenerated epithelium on removal.
Uncovered and dry wounds heal more quickly was the general concept of healing till the
mid 19" century [22]. However, later on in the 20" century, the concept of modern
wound dressings were introduced when George Winter explains the idea of moist
healing. According to his findings published in Nature in 1962, the rate of epithelization
in partial thickness wound increases 50% when the wound is covered with polyethylene
film as compared to open and dry wounds. Later on, the polyester and polypropylene
films were also tested that confirm his idea that moist environment favors faster healing.
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These studies eventually change the face of wound management and led towards the
development of modern dressing system that provide optimal environment for efficient
and proper healing [23].

4.  The need for modern dressings

Loss of integument, excessive fluid loss, polymicrobial infection and inefficient
conventional dressing materials are some of the major causes of poor and delayed
healing. Dermal wounds are the favorable niche for the colonization of microbes that
contaminates the wound and halt the healing process. Therefore, scientists tried to
formulate and fabricate multifunctional dressing materials to cater the issues of wound
repair process [22]. The ideal dressing should be biocompatible and nontoxic. It must
have high water holding capacity for the provision of moist environment to the wound
and to absorb excessive exudates. It should act as a barrier against microbial penetration
and also have the ability to kill the microbes. Furthermore, the dressing should be non-
adherent, easily removable, reduce pain and distress associated with frequent dressing
changes [18]. Researchers have designed various forms of dressing materials such as
hydrogels, hydrocolloids, films and sponges, with the desire to provide an optimum
healing environment.

Polymeric films provide a moist healing environment. These films are usually
semipermeable allowing the oxygen to pass through but inhibit the bacterial penetration.
The film based dressings provide the occlusive healing environment but do not have the
ability to absorb the exudate, which is a major drawback [24]. Hydrocolloids are another
class of dressing generally made up of hydrophilic polysaccharides. Hydrocolloids are
occlusive in nature, aids the autolytic debridement, and highly absorbent in nature,
therefore, widely recommended for the treatment of chronic wounds such as diabetic
ulcers. Hydrogels are the cross-linked hydrophilic polymers such as polyacrylamide and
polyethylene oxide that do not dissolve in water but have high water holding and swelling
properties. However, hydrogels have weak mechanical properties, and therefore, an
additional dressing is required [22].

5. Sponges

Sponges are the soft and flexible scaffolds with three-dimensional, interconnected porous
structure. The highly porous unique architecture of sponges closely mimics the
extracellular matrix and promote the cellular interaction, adhesion, growth and
proliferation. Moreover, their ability to retain moisture helps in sustaining a moist
environment that is ideal for the healing of wounds [25]. The micro porosity in sponges
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allow absorption of large amount of fluid, approximately, more than 20 times the dry
weight of the sponge. This property helps in wound exudate absorption (Fig. 1).

Homeostatic ~ Allow gasecous
exchange

Micropores

Sponge Dressing

Injury site

Absorb wound
exudate
Epidermis

Injured
vessels

Wound
exudate

Platelets © - © /

Figure 1. Basic features of sponge and its healing properties. High porosity allow
gaseous exchange while microporous structure limits microbial penetration. The swelling
property helps in absorbing wound exudates and homeostatic ability prevent fluid and
blood loss from open wound. Water retention features provide moist environment that
favors autolytic debridement and promote cellular migration and proliferation.

Nowadays, biopolymers find promising applications in biomedical fields particularly
tissue engineering. Polymeric blends improve the characteristic properties of the
polymers, finding new treatment options for wound management. Therefore, various
forms of polysachharide based dressings have been introduced to effectively combat
infections and enhance healing activities [26].

6. Wound healing potential of polysaccharides

Polysaccharides have been largely explored as a dressing material for a wide range of
wounds in the last decade. Various synthetic and natural polysaccharides and their
combinations are receiving attention from scientists worldwide for the fabrication of
advancing the wound care dressings. The unique properties of natural polysaccharides
such as excellent biocompatibility, antimicrobial property, non-cytotoxicity, similarity to
extra cellular matrix and homeostatic ability make them a superior choice for designing
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of efficient wound care material. The polyaccharides are abundantly found in different
plants and animals [27].

Polysaccharides containing a [B-glucan linker contribute to the healing process by
stimulating the immune system involving activation of macrophages. Macrophages are
one of the important inflammatory cells involved in debridement of the wound, resolution
of inflammatory phase, removal of apoptotic cells, promote initiation of proliferative
phase and tissue restoration followed by any injury. Several studies reported that
mechanistically, natural polysaccharide can enhance cytotoxic activity of macrophage
against microbes and tumor cells along with that, escalate reactive oxygen species (ROS)
and nitric oxide (NO) production in order to activate its phagocytic activity. These
aptitudes are useful in achieving better healing in lesser time. [28]

In addition, various studies have explored that the role of natural polysaccharides in the
modulation of wound healing related pathways. For example, natural polysaccharide, by
its oligosaccharides (xyloglucan, B-glucan, chitin, D-mannuronic acid, pectin and L-
guluronic acid) activate the cells to produce cytokines involved in healing. Principally, -
glucan is known to exert its effect by binding to several receptors like Toll-like receptor
(TLR), scavenger receptor, dectin-1 receptor and lactocylceramide [29, 30]. In one
mechanism, B-glucan binds with the dectin-1 receptor and stimulate the production of
cytokines or activates other inflammatory and non-inflammatory reactions [31]. In an
experiment, polysaccharide-rich fraction of Agaricus brasiliensis modulated the pro- and
anti-inflammatory reactions by interacting with the TLR 2 and 4, thereby increasing
production of tumor necrosis factor alpha (TNF-a) and interleukin-13 (IL-1B) by the
monocytes [32]. TNF-a is an important agent in inflammatory phase as it is involved in
chemotaxis of neutrophil. While, IL-1p is a critical inflammatory mediator, known to
control neutrophil mobilization, adhesion to endothelial wall and infiltration of
leuckocytes [33, 34]. In another study, polysaccharide form Astragalus membranaceus
was used for wound healing activity. The results showed that the respective
polysaccharide enhance fibroblast propagation, cytokine production, revascularization
and reepithelization [35]. In addition, a Sanguisorba officinalis L. polysaccharide
stimulated the healing process by enhancement of collagen synthesis and angiogenesis by
the activation of IL-1p and vascular endothelial growth factor (VEGF) [36]. Of all the
polysaccharides, alginate, hyaluronic acid, chitosan and cellulose are of prime
importance. These polysaccharides are widely investigated for fabricating variety of
wound care products alone or in combination with other polysaccharides and wound
healing agents as composite products.
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6.1 Alginate composite sponges

Alginate, also called alginic acid or algin, is an important anionic polysaccharide, widely
distributed in the cell walls of brown seaweeds including Ascophyllum, Ecklonia,
Turbinaria, Sargassum, Macrocystic, Durvillaea and Laminaria species. Chemical
structure of alginate include linear unbranched chain of two polymeric residues B-(1-4)
linked d-mannuronic acid and B-(1-4) linked I-glucoronic acid as shown in Fig. 2.
Alginate is an eco-friendly polymer with controllable porosity. Alginate and its salts
found applications in wound healing due to its hemostatic properties, furthermore, it can
promote cell adhesion and proliferation of new skin cells. It has the capability to absorb
body fluids up to 20 times of its weight, and thus is useful in designing dressings for
highly exudating wounds [37]. Similarly, alginate is rich in glycosaminoglycan (GAG)
content, which is well-known to achieve faster healing by rapid granulation, angiogenesis
and regeneration of epithelia. This ultimately results in healed skin with minimum
scaring [38]. GAG is an extracellular matrix molecule having a vital role in wound
healing either acute or chronic [39]. In addition, once alginate based dressing get attached
to the wound site, an ion-exchange reaction starts between calcium of alginate and
sodium from the exudate, producing soluble gel that help in maintenance of moisture.
Thus, moist environment facilitate the migration and growth of cells involved in healing
[40]. Similarly, after injury body fluid and blood loss takes place from the injured blood
vessels. In order to limit such loss, a hemostatic sponge was designed using sodium-
alginate and carboxymethyl chitosan as the main material. The result of an in-vitro assay
displayed procoagulant activities of the composite [41].

L-guluronic acid coor
OH

o

~~o o D-mannuronic acid
OH © \_HO_coor
“O0C HO
0 0
O

D-mannuronic acid

Figure 2. Chemical structure of alginate that constitues L-guluronic acid and D-
mannuronuc acid units in linear unbranched chain form.
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In a pre-clinical study, calcium alginate dressing enhanced the expression of transforming
growth factor family (TGF-B1, TGF-B2 and TGF-B3), suggesting a role in the
proliferative stage of healing. Likewise, alginate and silk fibroin (sponge) was
individually applied on the full thickness rat wound model. The blend of silk
fibroin/alginate was applied to evaluate the synergistic effect. The fibroin/alginate
treatment was superior amongst other, promoting re-epithelization by enhanced
proliferation of epithelial cells [42]. Therefore, the healing potential of alginate finds
potential application in designing an ideal dressing system.

6.2  Cellulose composite sponges

Cellulose is the most abundant natural polysaccharide present on earth. Its chemical
structure comprised of a linear chain of § 1-4 D-glucose units as shown in Fig. 3. These
glucose units aggregate with each other to form thread like fibrils. These fibrils combine
themselves in the form of bundles called microfibrils that form a three-dimensional
matrix. It is an important structural component of the plant cell wall and also produced by
some strains of bacteria. Cellulose obtained from both sources is chemically similar with
slight differences [43]. Bacterial cellulose (BC) is the purest form of cellulose and is far
superior to plant cellulose as it does not possess any impurities like pectin, lignin and
hemicellulose. Due to the unique three-dimensional macro and micromorphology of BC,
it possesses distinctive physical and mechanical properties that make it an ideal material
for biomedical applications such as in tissue engineering, drug delivery, regenerative
medicines, dental and bone implants, artificial skin and cutaneous wound dressings [44].
Among these, the use of BC for the fabrication of wound dressings showed quite
promising results. The first successful use of BC for burn wounds and ulcers was
documented by a Brazilian company in a series of patents in 1980s. Extensive studies on
biocompatibility and biomedical applications of cellulose have been conducted in recent
years [44]. The BC has high porosity, permeability and high-water holding capacity. The
microporous structure of cellulose helps in controlling the rate of water absorption and
water loss thus provides a moist healing environment making it an excellent dressing
material. These properties further help in absorbing wound exudates and also allow the
exchange of oxygen. BC is a highly elastic material and can be produced and molded into
desired shapes. In addition, high crystallinity, good mechanical strength, biocompatibility
and nontoxicity are some of the distinctive features of this biopolymer [45].
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Figure 3. Chemical structure of cellulose having B 1-4 D-glucose units linked by
glycosidic bond in a linear chain form.

However, some of the characteristics such as lack of intrinsic antimicrobial activity and
non-bioabsorbability limit the medical application of BC. Therefore, polymeric
composites of BC are widely fabricated aiming to enhance the biological properties of
this multifunctional polymer. Different composites of BC with nanoparticles, biological
and synthetic polymers and antimicrobial agents showed huge potential in wound healing
and tissue regeneration. A novel biocompatible composite sponge was fabricated by
functionalizing regenerated BC (RBC) with amoxicillin (an antimicrobial agent) that
possessed enormous potential to control infection and enhance healing [46]. Due to the
presence of broad-spectrum antibiotic, amoxicillin, the composite sponge showed
superior antimicrobial activity against Escherichia coli, Staphylococcus aureus and
Candida albicans as compared to non-functionalized sponge. Furthermore, the composite
sponge showed biocompatibility towards HEK293 cell line and also displayed enhanced
healing of excisional wound in-vivo. [46]. In another study, silver nanoparticles were
immobilized in the freeze-dried cellulose matrix to create an antimicrobial composite
sponge. In-vivo testing revealed that the composite sponge accelerated the healing of
infected wounds. [47]

The structural morphology of BC favors the cellular proliferation, growth and adhesion,
thus act as a perfect scaffold for tissue regeneration. In one such study, the composite
sponge of BC and silk fibroin was fabricated with improved regenerative properties.
Findings of this study depicted that the addition of silk fibroin enhances the cellular
adhesion and biocompatibility of the BC making it a better candidate for synthesizing
tissue regenerating scaffold [48].

The composite sponge of BC and gelatin was fabricated as a multipurpose scaffold for
biomedical applications such as tissue engineering and wound healing. The composite
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sponge showed good compatibility with Vero cell lines. Moreover, the sponge possessed
good structural stability in water and was highly porous, thus, mimics the extracellular
matrix. Furthermore, the composite sponge displayed faster healing of full thickness
wound as compared to gauze dressing [49].

Due to high mechanical strength and flexibility of the nanofibers of BC, different
materials were blended to form composites of versatile properties. These composite
sponges possess immense healing potential and can be considered as better options for
developing wound care treatment.

6.3  Hyaluronic acid composite sponges

Hyaluronic acid (HA), also called hyaluronan, is a natural polymer present in the
epithelial, connective and neural tissues of the human body [50]. After its discovery in
1934, this polymer has been widely studied, finding promising applications in the
biomedical field. It is a member of a large family called glycosaminoglycan [51].
Chemically, HA polymer is composed of two basic units, D-glucoronic acid and N-
acetyl-glucosamine joined by B-glycosidic linkages as shown in Fig. 4. Studies revealed
that healing properties of HA depends on its molecular size. Low molecular weight HA
displays pro-inflammatory properties whereas, high molecular weight HA is a potent
inflammatory inhibitor and immune suppressor. In a study, a blend of both types of HA
along with collagen containing EGF was prepared in the form of a spongy sheet. The
dressing applied on excisional wound of Sprague-Dawley (SD) rat displayed scar free
healing. The results define angiogenic, anti-inflammatory and cell migratory role of HA
[52]. Similarly, in another study, HA, arginine and EGF based spongy dressing confirm
the healing potential of low and high molecular weight of HA. The in-vivo experiment
indicated moderate inflammation by the application of HA sponge [53]. Several studies
confirmed that TLR signaling pathway is involved in HA induced pro-inflammatory
reactions. Using in-vitro studies, the researchers confirmed that low molecular weight
HA bind with TLR, followed by initiation of signaling cascade, production of
chemokines and pro-inflammatory cytokines in different cell types [50]. The important
biological property of HA is its hygroscopic nature, allowing it to swell 1000 times more
in volume. In skin tissues, this feature allows to regulate tissue hydration during the
inflammatory process after the damage [54].
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Figure 4. Molecular structure of Hylauronic acid comprising two basic units, D-
glucoronic acid and N-acetyl-glucosamine joined by f-glycosidic linkages in a linear
form.

Researchers have exploited the wound healing potential of HA to design various
formulations aiming to restore the normal skin anatomy and functionality [55]. Recently,
HA and collagen sponge materials were developed in various ratios of pig skin and bird
feet collagen. The composite may work as artificial skin as it possesses high stability,
mechanical strength and healing potential [55]. Another study was conducted with an aim
to reduce scaring after breast surgery by combining the individual properties of HA and
zinc. The results of the preliminary study showed reduced scaring in patients treated with
a zinc-hyaluronan sponge in comparison with the placebo. Histological studies confirmed
that reduced scaring is due to changes in the density and orientation of collagen fiber
[56]. Scientific studies demonstrate HA as a healing molecule, therefore, a combination
of HA, collagen and fibronectin was opted to prepare a wound healing sponge [57]. The
in-vivo testing showed infiltration of the sponge with the fibroblast leading to increased
synthesis of collagen. The positive results of the prepared sponge suggest pre-clinical
evaluation on an animal model [57]. As discussed, HA can be used in the future as an
advanced dressing material compared to traditional treatments.

6.4 Chitosan composite sponges

Chitosan is a natural copolymer of D-glucosamine and N-acetyl-D-glucosamine linked by
B (1-4) glycosidic linkages as dipicted in Fig. 5. It is a deactylated product of chitin,
obtained from the cell wall of crustaceans and some fungi. The functional groups of
chitosan allow surface modifications providing additional bulk properties and enhanced
bio-functionality. Chitosan has a wide range of applications in wound dressings, tissue
engineering, drug delivery, gene delivery and hemodialysis [58]. A number of studies
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were conducted to design chitosan based dressings aiming at superior healing outcome. A
chitosan sponge is able to provide suitable conditions for effective healing process [59].
A study reported a biodegradable sponge composed of chitosan and sodium alginate
fabricated with curcumin. This sponge was ethereal and pliable and applied on a full-
thickness wound of a rat. Histological results of gauze treated wounds displayed
immature granulation tissue with numerous inflammatory cells and congested vessels,
while, well aligned collagen and healthy granulation tissues were observed in wounds
treated with prepared sponge. This portrays that the wound was provided with a better
healing environment by the sponges [60]. In another study, an antimicrobial chitosan
based sponge dressing was designed, to obtain superior healing. A green and facile
method was used to obtain ampicillin fabricated chitosan sponges. The sponge was non-
leaching, thus, limiting the usage of antibiotic. Besides, the antimicrobial and tissue
regenerative capability, the sponge was evaluated in-vitro against common microbes and
in-vivo wound model. The result showed good antimicrobial property with accelerated
wound healing competency. Consequently, the chemically enhanced chitosan sponges
unveil great potential as promising antimicrobial wound dressings [61]. Another chitosan
polymeric sponge formulation was designed containing gelatin followed by crosslinking
with tannin. In a 15 days experiment conducted on rabbits, full thickness wound covered
with the sponge showed superior healing. Additional loading of the sponge with platelet-
rich plasma further enhanced the healing outcomes, which can be used in treating injuries
[62]. Moreover, a flexible three- dimensional porous chitosan sponge containing
halloysite nanotutes (HNTs) were prepared and applied on full-thickness excision wound
in experimental rats. The results showed increased wound closure with 3.4-21 fold
change relative to pure chitosan. The addition of HNTs promote re-epithelization and
collagen deposition. The chitosan-HNTs composite sponge may have potential
application in the treatment of burn wounds, diabetic foot ulcers and chronic wounds
[63]. Chitosan based antimicrobial sponge find importance in controlling infection at the
wound site. In a study, chitosan, HA and nano silver based wound dressing was designed
in the form of sponges to evaluate its healing potential for diabetic foot ulcers. The
designed sponge showed good antimicrobial activity against Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa and Klebsiella pneumonia [64]. In
diabetic patients, reduction in growth factors and weakened angiogenesis lead to impaired
healing. Chitosan hyaluronic acid composite sponge loaded with VEGF containing fibrin
nanoparticles was designed, which showed induction of angiogenesis during wound
healing [65].
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Figure 5. Structure of chitosan having two units; D-glucosamine and N-acetyl-D-
glucosamine linked by p (1-4) glycosidic linkages.

To obtain an efficient dressing having control on fluid loss, various chitosan based
sponges were designed. A combination of hydroxybutyl chitosan and chitosan was used
to develop a composite sponge. Due to superior hydrophilicity, the composite sponge has
coagulant properties that helped in controlling the blood loss and also absorbed excessive
exudates from the wound. The designed sponges promoted the growth of fibroblast,
helped in formation of skin glands and enhance reepithelization with no cytotoxicity [66].
Similarly, a homeostatic composite sponge was developed by blending chitosan, squid
ink polysaccharide and calcium chloride. The coagulation ability of the sponge prevented
bleeding and maintained homeostasis. Moreover, the sponge promoted healing in scalded
rabbits and also controlled infection [67].

A novel asymmetric membrane was prepared by immersion precipitation phase-inversion
method and its tissue regeneration properties were evaluated. The top layer contained
chitosan based skin surface and interconnected pores designed to limit the bacterial
invasion and retain moisture at wound surface [68]. The sponge like sublayer allows high
fluid absorption. Microscopic images of healed skin confirmed rapid epithelization and
well-organized collagen deposition, suggesting its potential in wound healing. Findings
from these studies suggest that characteristic features of chitosan make it an ideal
biomaterial for developing smart wound healing products.

6.5 Dextran composite sponges

Dextran is a water soluble, branched polymer composed of glucose subunits joined
together by a (1,6) linkages as illustrated in Fig. 6. Dextran is a non-toxic hydrophilic
polysaccharide with a well-known biocompatibility proved by various in-vitro and in-
vivo studies. Therefore, it has been extensively explored for biomedical and
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pharmaceutical applications [69]. Dextran has potential applications as gel in
laboratories, and also in medical applications, such as an anti-thrombotic agent, lubricant
for eyes and agent for increasing blood sugar [70]. It has been widely explored as wound
healing material due to antiseptic and hemostatic characteristics of dextran. Studies
showed that dextran hydrogels promoted the angiogenesis and growth of fibroblasts, thus
accelerated the skin regeneration in mice with burn wounds [71]. The chemically reactive
hydroxyl groups allowed dextran to be tailored with desirable functionalities, and to
develop composites with specific characteristics. The chemical and physical modification
of dextran has been extensively studied for developing dressing material for efficient
wound management.

o
o
HO
HO
OH
0
HO %
o
o
OH OH
0
0
HO HO
HO
OH
OH OH

Figure 6. structure of dextran having glucose subunits joined together by o (1,6)
linkages.

In one such study, a composite sponge of dextran, collagen and flufenamic acid was
developed. The sponges showed good ability for fluid uptake quantified by a high
swelling ratio. The treatment of experimentally induced burns on animals with these
sponges accelerated the wound healing process and promoted faster regeneration of the
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affected epithelial tissues compared to the control group. The results generated by the
complex sponge characterization indicated that these formulations could be successfully
used for dressing applications of burns [72]. The water absorption and wet adhesive
properties of dextran make it an efficient homeostatic material. This homeostatic
performance of dextran was further improved by fabricating aldehyde-modified,
multifunctional poly dextran aldehyde (PDA) sponges through lyophilization. The
hemostatic efficacy of theses sponges was investigated both in-vitro and in-vivo.
Moreover, the coagulation mechanisms and biocompatibility was also investigated. The
results demonstrated that these sponges could rapidly seal the wound, induce RBCs and
platelets aggregation, highly concentrate the coagulation factors, promote the blood
coagulation, and achieve remarkable massive hemorrhage control in the ear vein, femoral
artery and liver injuries of rats and rabbit models. Additionally, these sponges exhibited
low cytotoxicity, no skin irritation, and commendable degradation behavior, therefore,
can be used as a homeostatic dressing for wounds with uncontrolled hemorrhage [73].

The hemostatic porous sponge was fabricated by using cationized dextrans and HA via
self-foaming process. Due to higher cationic charges, composite sponge displayed higher
porosity, better swelling ratios and good blood compatibility [74]. These novel
polysaccharide based sponges are worthy for further investigation and may offer a new
strategy for designing high-performance wound healing biomaterials.

6.6  Other composite sponges of the polysaccharides

Some other polysaccharides were also investigated for healing activity such as the
composite sponge of Konjac glucomannan and silver nanoparticle. The designed
composite had good mechanical properties, water holding capacity and cytocompatibility.
The presence of silver nanoparticles further improved the healing properties of the
composite sponge by introducing antimicrobial activity [75]. In another study, Konjac
glucomannan and silk fibroin was physically crosslinked to fabricate a protein
polysaccharide porous sponge with excellent biocompatibility. Increasing the
concentration of Konjac glucomann significantly enhanced the water absorption and
retaining properties of the sponge. Furthermore, the sponge favours the cellular adhesion
and proliferation and thus showed potential application in wound dressing [76].

Bletilla striata is widely used in traditional Chinese medicines as a homeostatic agent.
Recently, a composite sponge was prepared by combining the B. striata and graphene
oxide via solution mixing protocol followed by freeze drying. The resulting composite
sponge was highly porous with enhanced blood absorption property. This composite is
safe and low cost option for developing hemostatic agent with great wound healing
potential [77]. Sponges are frequently used as a homeostatic material for bleeding
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wounds. A composite sponge was prepared by synergizing the hemostatic property of
chitosan, alginate and B. striata that shortens the homeostatic time and stops bleeding
when tested through rabbit ear artery experiments. The in vitro cytotoxic analysis further
confirmed the biocompatibility of the composite sponge [78]. It is expected that various
other polysaccharide will find application in wound healing applications.

Conclusion

Natural polysaccharides are gaining considerable attention amongst researchers for
wound healing applications due to their significant biomedical properties like
biocompatibilty, nontoxicity, biodegradability, antimicrobial and hemostatic property.
The capability of these polymers to regulate the different stages of healing have been
exploited to design various wound healing products. This chapter covered the brief
evolution of wound care therapies ranging from traditional treatments to bioactive
dressing systems. Moreover, the wound healing mechanism was also discussed. This
chapter presents the literature concerning polysaccharide based advanced dressings with
special emphasis on the composite sponges, polymeric blends and their applications for
various cutaneous wounds. However, a much better understanding of the healing
mechanisms of these composite sponges is required to cope with the challenges of
developing an ideal dressing system.
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Abstract

Polysaccharides are complex versatile biomaterial, which are generally biocompatible,
biodegradable and non-toxic in nature. Since their affirmed position as valuable
pharmaceutical excipients for development of a plethora of dosage forms, these have
been extensively explored as carriers for drug delivery. The chapter elaborates the
applications of polysaccharides and their derivatives for sustained/targeted delivery of
various categories of therapeutic agents. Patents have also been listed to emphasize
commercial sustainability of the polysaccharide based drug delivery systems.
Furthermore, newer applications namely polysaccharide anchored liposomes, auto-
associated amphiphilic polysaccharides, electrospun polysaccharides, polyelectrolyte
complexes, polysaccharide based systems namely aerogel, nanocomposites, nanogels,
quantum dots, nanoparticles and micelles have also been described. The drug release
kinetics from the polysaccharidic systems has been detailed.
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1. Introduction

Polysaccharides are promising biodegradable polymeric materials used in
pharmaceutical, food, cosmetic and biotechnology industry. Conventionally
polysaccharides have been used as excipient in pharmaceutical formulations, but in novel
dosage forms they frequently perform significant multifunctional roles namely drug
release modulators, bioavailability modifiers, stability enhancers and ensure
manufacturing amenability [1]. While various synthetic polymers are available to a
pharmaceutical formulator; the use of polysaccharides (obtained naturally) offer an
attractive option because of their abundance, amenability to synthetic (chemical)
alterations, devoid of toxicity, biodegradability and by and large being biocompatible.
Furthermore, sustainable cultivation and harvest techniques can assure continual supply
of the pharmaceutical raw material. A variety of pharmaceutical dosage forms like matrix
systems, buccal films, microparticles, nanoparticles, ophthalmic solutions/suspensions,
implants have been formulated and successfully commercialized based on use of
polysaccharides [2, 3].
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Chemically, polysaccharides are formed by the glycosidic linkages of monosaccharides
[4] and based on the nature of the monosaccharide; the polysaccharides are divided into
linear and branched chains [5]. Schematic diagram of polysaccharide classification is
shown as Figure 1. Polysaccharides contain various groups on their molecular chains that
can be subjected to modification to give different types of polysaccharide derivatives.

Gums and mucilages are hydrocolloids of plants that contain galactose, methyl pentose,
and sugars connected through glycosidic linkages to uronic acid residues. Natural gums
are polysaccharidic molecules consisting of multiple sugar units linked to yield
macromolecules. Acacia, guar gum and tragacanth are few examples of gums used in the
pharmaceutical and biotechnology industry. Generally, they are complex carbohydrate
polymers which consist of hydroxy-proline rich proteins, resins, and other components.
The gums can be soluble, partially soluble or insoluble in nature [4]. Mucilages are
metabolic products of plants and, form slimy masses when placed in water. They contain
sulfuric acid esters which are composite polysaccharides. Both natural gum and mucilage
have the ability to form three dimensional molecular networks. The gelling ability is
based on molecular structure, temperature, pH, ionic strength and concentration. The
constraints associated with polysaccharides include batch to batch variation, microbial
load, pH dependent solubility, uncontrolled hydration rate and viscosity diminution on
storage [5].
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Figure 1. Classification of polysaccharides.
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Polysaccharides are extensively used raw material(s) for designing conventional and new
delivery systems. Polysaccharides included in drug delivery systems are intended to
multitask and apparently control the rate or extent of drug release directly or indirectly.
Generally speaking they play a significant role in formulating inexpensive as they
essentially form an excipient that is available locally [6]. Table 1 compiles a cross section
of the applications of polysaccharides in drug delivery. Few references in each
application have been exemplified in the tabulation.

Tablel. Polysaccharides based various drug delivery systems.

Type of Role of polysaccharides in the system Reference
delivery
Colon drug | In the colon targeting delivery, when concentration of polysaccharide is
delivery increase so it enhances the disintegration time and helps in the [1, 2]
sustaining and targeting the release of drug in lower intestine. In the
presence colonic enzyme, the polysaccharides are biodegraded and
ensuring the drug release completely which further helps in the
absorption. Example; tamarind seed polysaccharide, guar gum, pectin,
chitosan etc.
Buccal drug | The role of bioadhesive polysaccharide used in buccal drug delivery is | [3, 4]
delivery to retain a formulation. They are typically hydrophilic macro-molecules
containing numerous hydrogen bonding groups. Higher drug release is
obtained when the polysaccharide used in the formulation have good
mucoadhesive properties. Example; Chitosan, tamarind seed
polysaccharide.
Ophthalmic | Polysaccharides prolong the precorneal residence time on the cornea [3, 5, 6]
drug due to their high viscosity and mucoadhesive property. Tamarind seed
delivery gum has film forming ability with high tensile strength and flexibility.
Polysaccharides are found to be good for the formulation of ophthalmic
systems. Example; cellulose, chitin, tamarind gum. HPMC.
Vaginal Mucoadhesive polymer systems like chitosan, cellulose derivatives, [7-9]
drug hyaluronic acid derivatives, pectin, tragacanth, starch, carrageenan,
delivery sodium alginate and gelatin are capable of delivering the active agent
for an extended period at a predictable rate to the vagina. Use of
polysaccharide improves therapeutic effect of drug.
Transdermal | Chitosan, sodium alginate and tamarind seed polysaccharide are used [5,10]
drug for the preparation of transdermal formulations. These help in providing
delivery controlled release and facilitate permeation across skin
Nasal drug | Polysaccharide provides intimate contact between a dosage form and [11,12]
delivery the absorbing tissue, which may result in high concentration in a local
area and hence high drug flux through the absorbing tissue.
Polysaccharides are used for the preparation of nasal formulations.
Example; chitosan and its derivatives, tamarind gum, sodium alginate.
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3. Advancements

3.1 Polysaccharide anchored liposomes

In order to develop polysaccharide anchored liposomes, it seems imperative to
understand the mechanism of interaction of the given polysaccharide with the liposome
bilayer and the impact of the anchoring on the bilayer fluidity, permeability and integrity
[19]. For the system to be site specific for targeted delivery, the selectivity and affinity of
the polysaccharide towards the ligand(s) is an important prerequisite. Various natural or
hydrophobized polysaccharides have been linked on liposomal surface by any of the
following methods: adsorption method, polysaccharide induced aggregation or fusion;
spacer activated covalent anchoring, and covalent anchoring with sensors [20]. Primarily,
the polysaccharides pullulan, dextran, chitosan, amylopectin and mannan are used to
develop polysaccharide anchored liposomes. The polysaccharide anchored liposomes
also have potential to be employed as carrier platforms for anchoring site-specific sensing
molecules like monoclonal antibodies against the tumor surface antigens.

Sunamoto et al. explored the interaction of simple polysaccharides with the liposomal
membrane. Polysaccharides like chitosan, dextran, mannan, pullulan and amylopectin,
were strongly adhered on to the surface of liposome predominantly by hydrophobic
bonding followed by clustering and amalgamation of the liposomes [21]. However, in
certain conditions the adsorption of polysaccharide molecules on to the liposomal surface
is postulated to occur by diffusion-controlled mechanism involving the constitutive
liposomal components and the polysachharidic coat. Fluorescence depolarization
technique confirmed the lateral diffusion and subsequently interlocking of the adsorbed
polysaccharidic molecules within the liposomal bilayer. Adsorption based polysaccharide
anchoring is considered to be thermodynamically unstable and pharmaceutical
acceptance is questionable owing to the following reasons (i) the polysaccharide
molecules adsorbed on the liposomal surface may get readily desorbed/dislodged on
mechanical stirring or dilution; (ii) the adsorbed polysaccharide may coagulate leading to
destabilization of the liposome bilayer, and (iii) stoichiometry is frequently not
reproducible. To overcome these hurdles, Sunamoto and Iwamoto used partially
hydrophobized polysaccharides in order accomplish coating of liposomes. The
palmitoylated polysaccharides were reacted with the lipidic components of the bilayer to
form a polysaccharide based artificial wall on the liposome [22].

Later, the structural stability of polysaccharide decorated liposomes was assessed by
using both lipophilic and hydrophilic markers. The radiolabelled O-palmitoyl
amylopectin decorated liposomes with coenzyme Q10 (**C) in the lipid bilayer and inulin
(*H) in the internal aqueous core exhibited stability both in the biological specimens as
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demonstrated by radioisotope analysis. Additionally, enhanced stability and bilayer
intactness of the lipid membranes decorated with polysaccharidic derivatives containing
hydrophobic groups (cholesteroyl and palmitoyl group) was also evidenced [23]. The
researchers of the same team reported formulation of immunopolysaccharide conjugate
anchored liposomes for site specific targeted delivery and claimed in vitro stability of the
developed system in human serum [24].

Elferink et al. evaluated the stability of the proteoliposomes prepared from the
phospholipids obtained from E. coli and anchored them with hydrophobized dextran. The
coating not only conferred stability on the liposomes but also stabilized the
proteoliposomes in biological environment [25]. Deol et al. developed long circulating
polysaccharide anchored liposomes for localization in the lungs. The targeting ability and
prolonged life of the liposomes was demonstrated via in vitro experiments followed by in
vivo study in mice. The anchored liposomes were assessed for their effectiveness in
chemotherapy of tuberculosis. The stealth (pegylated) liposomal surface was modified by
anchoring it with O-stearoyl-amylopectin that enhanced its affinity and consequently
resulted in its higher accumulation in lungs than in the organs of reticulo-endothelium
system in both normal and tubercular mice. The encapsulated antitubercular drugs
rifampicin and isoniazid in the stealth liposomes demonstrated diminutive toxicity in
mice [26].

Among the various implication of using polysaccharide anchored liposomes, the site-
specific targeting of the vesicle due to its bio-/mucoadhesive properties is of great
importance. Takeuchi et al. investigated polymer anchored mucoadhesive multilamellar
liposomes composed of diacetyl phosphate and dipalmitoyl phosphatidylcholine and
anchored them with three types of polymers: poly (acrylic acid) bearing cholesterol,
polyvinyl alcohol and chitosan. The chitosan decorated liposomes demonstrated strongest
bioadhesion among the decorated liposomes tested while the non-decorated liposomes
demonstrated insignificant to complete non-adhesion in rat intestine. The mucoadhesive
property of chitosan decorated liposomes was later utilized to formulate oral drug
delivery system(s) of the weakly absorbed drugs [27]. In another research, Takeuchi et al.
explored the mucoadhesive property of chitosan decorated liposomes to enhance the
absorption of insulin administered orally in male Wistar rats. Prolonged hypoglycemic
response (up to 12 h) was observed on oral administration of insulin loaded chitosan
decorated liposomes. The sustained pharmacological effect was attributed to the
mucoadhesive property of the delivery system that prolonged the contact time thereby
increasing insulin absorption. These reports affirm the ability of polysaccharide anchored
liposomes as mucoadhesive drug delivery systems for poorly adsorbed drugs and
macromolecules [28].
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N-palmitoyl chitosan, a chitosan derivative, is a novel polymer utilized to anchor
liposomes and has been explored to stabilize liposomes containing anti-tumor agent.
Liang et al. prepared N-palmitoyl chitosan anchored docetaxel loaded liposomes with the
aim to and improve the antitumor efficacy and reduce its toxic effects. The anchored
liposomes effectively increased the stability of docetaxel in vivo in comparison to the
plain liposomes [29]. In another report Wang et al. formulated cholesterol succinyl
chitosan anchored liposomes by the incubation method and carried out pharmaceutical
investigations. The anchored liposomes were spherical with classical shell core structure.
Epirubicin was effectively loaded into chitosan anchored liposomes and the drug showed
sustained release both in phosphate buffer, pH 7.4 and 1 %v/v aqueous fetal bovine
serum in vitro [30]. Another chitosan derivative, N-pamitoyl chitosan was used as
anchoring material for oleic acid liposomes. Tan et al. selected water-soluble chitosan
with varying degrees of acylation. Reduction in the mean vesicle size and zeta potential
of the oleic acid chitosan liposomes suggested successful modification of the liposomal
surface via chitosan derivative that enhanced the integrity and rigidity of the vesicles
[31].

3.2 Auto- associated amphiphilic polysaccharides

Self-assembly of amphiphilic polysaccharides presents a promising system without the
need of surfactants and solvents. In water, various polymeric amphiphilic polysaccharides
undergo intra-molecular and inter-molecular interactions. These interactions favoured by
hydrophobic segments, paved way for the emergence of various drug delivery systems
namely micelles, nanoparticles, hydrogels and liposomes. The selection of auto-
associated amphiphilic polysaccharides is based on the physicochemical characteristics of
the drug to be loaded and the desired administration route. At higher polymeric
concentration, the intermolecular association of polymers is initiated by the association of
the hydrophobic groups, which results in the viscosity enhancement of the solution.
Hence, these polymers are termed as associating polymers and used as viscosity
modifiers. At higher polymeric concentration phase separation or gelation may occur.
Chemically modified amphiphilic chitosan was obtained by the grafting hydrophobic
groups through the N-acylation reaction because the —NH, group of chitosan is more
reactive than -OH group of chitosan. Auto-associated chitosan form micelles,
nanoparticles and hydrogels. The more stable micelles are achieved when amphiphilic
chitosan was used with linoleic acid and (1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide) [32].

Apart from chitosan other polysaccharides have also been experimented. Grafting of
dextran was done with lauryl chains and stable nanoparticles were formulated using
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amphiphilic dextran which can auto-associate with poly-b-cyclodextrin [33]. Hyaluronic
acid was also chemically modified through di oleoyl phosphatidyl ethanolamine in the
presence of coupling agent. The product was utilized in the formulation of liposomes
[34]. Amphiphilic pullulan act as a thermoresponsive polymer in the formulation of
nanoparticles because it is slightly soluble in aqueous medium at 50 to 60 °C temperature
without any precipitation. Hence, Bataille et al. introduced long alkyl chain and Glinel et
al. studied perfluoroalkyl chain in pullulan for auto-associative behaviour [35, 36]. The
hydrogel nanoparticles containing cholesteryl bearing pullulans can form complexes in
aqueous solution with soluble proteins/ enzymes such as insulin, bovine serum albumin,
myoglobin, a-chymotrypsin and cytochrome C. Linoleic acid was incorporated in the
amylose solution to obtain the grafted amylose so that it could auto associate in the
preparation of micelles [37].

Ayame et al. explored the interaction between protein and self-assembled nanogels of
cationic cholesteryl group bearing pullulans for effective intracellular protein delivery.
The self-assembled cationic nanogels interacted with bovine serum albumin to form
stable colloidal monodispersed nanoparticles. The assembly of nanogel protein got
dissociated post cellular uptake and the protein got released within the cell. The self-
assembled amphiphilic polysaccharides also have potential to provide platform for the
delivery of protein [38]. Cao et al. reported a simple method of developing self-
assembled nanoparticles loaded with anti-cancer drug and the targeting moiety attached
to it. Xyloglucon was grafted with galactosamine and doxorubicin was used to target the
polymeric conjugate to the hepatocytes. The nanoparticles were formed on mixing the
polymeric drug with an excess amount of deprotonated doxorubicin in an aqueous
medium. This system can be used for tumor therapy [39]. Kwon et al. developed self-
aggregates of hydrophobically modified glycol chitosan. The self aggregates were
prepared by inter- or intramolecular association between glycol chitosan and 5p-cholanic
acid (hydrophobic). The critical aggregation concentration of the hydrophobically
modified glycol chitosan and the size of self aggregates, both were dependent on the
degree of substitution of 5B-cholanic acid [40].

3.3  Electrospun polysaccharides

Electrospinning is basically a physical method to generate nanocomposite(s) based on the
extrusion of polymer solution in the absence/presence of the nanomaterial which is
dispersed, by a needle on to a receiver plate, in the presence of high voltage.
The resultant fibers have a typical core—sheath structure. It is a stepwise process which
requires control over the process parameters and optimization of solution. Primarily,
water soluble polysaccharides, namely cellulose acetate, starch and chitosan are used for
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electrospinning. The use of cellulose and chitin for electrospinning is limited because
very few solvents can dissolve them [41].

The polysaccharides namely chitin, alginates, cellulose, starch, chitosan, hyaluronic acid
and heparin used in various drug delivery applications are interesting candidates for
electrospinning. However, the inadequate solubility of polysaccharides such as chitin and
cellulose is the limiting factor. Others such as chitosan, alginate and hyaluronic acid have
high viscosity which is attributed to their electrical charges and high molecular weight.
Due to this, it also causes poor electrospinnability. These barriers may be overcome by
selection of appropriate solvent composition and the polymer blend. The viscosity and
conductivity of the polymeric solution are key parameters which affect the characteristics
of electrospun fibers. The electrospun blended polyvinyl alcohol/ extracellular polymeric
substance membrane demonstrated better mechanical properties and tensile strength
when compared to polyvinyl alcohol alone and polyvinyl alcohol /chitosan electrospun
fibres [42].

A three dimensional malleable scaffold was fabricated by electrospinning fibrous mats.
Hyaluronic acid and alginic acid failed to electrospin because they readily dissolve in
water. Blending them with water soluble, biocompatible polymer such as polyvinyl
alcohol made them amenable to fiber spinning due to their ability to decrease repulsive
forces within the charged biopolymer. Due to the lack of chain entanglements, alginate
cannot be electrospun by itself and its nanofibers can be obtained electrospinning only
when the alginates are blended with water soluble polymer(s) polyethylene oxide or
polyvinyl alcohol. Guar gum has potential to improve electrospinnability by modulating
rheological properties because it is related to fiber formation when it is connected with
synthetic polymers. Due to high viscosity and low solubility chitosan poses many
limitations for electrospinning. The nanofibers of chitosan can be made by
electrospinning solution of pure chitosan in concentrated acetic acid/trifluoro acetic acid.
Electrospinning of aqueous solution of carboxymethyl chitosan is assisted by addition of
water-soluble polymers namely polyacrylic acid, poly(ethylene) oxide, polyvinyl alcohol
and polyacrylamide. Zhang et al. studied that compatibility properties were retained by
using electrospinning techniques when scaffolds were fabricated by poly lactic acid and
angelica saccharide [43]. The drug release behavior of the drug from electrospun
nanofibres is determined by degradation of carrier polymer and diffusion of drug
molecules. The electrospinning techniques may be precisely controlled to modify the
drug release kinetics and to control the distribution the drug in the electrospun fibers.
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3.4  Polyelectrolyte complexes for nano drug delivery

Polyelectrolyte complex (also termed as self-assembled polyelectrolyte) are the
complexes formed due to self-assemblage of the ionic polymer and the plasmid DNA.
Ilina et al. studied the chitosan based polyelectrolyte complexes and found that these may
be they are used as carriers for active moieties, films, non-viral gene vectors etc. The
formation of polyelectrolyte complex depends on the degree of ionization of the cationic
and anionic polymer, concentration of polymers, their ratio, charge distribution over the
polymeric chain, the temperature of reaction medium and the duration of the interaction
[44]. Luo et al. explored the chitosan based polyelectrolyte complexes formed using
polysaccharides such as xanthan gum, cashew gum, alginate, pectin, hyaluronic acid,
carageenan, gellan gum, gum arabic, konjac glucomannan, carboxymethyl cellulose and
gum kondagogu in the form of nanoparticles for drug delivery applications [45]. Later,
Motwani et al. developed polyelectrolyte complex nanoparticles for ocular delivery via
chitosan sodium alginate in concentration as low as < 0.1%. The investigators observed
that the rate of drug release from the nanoparticles was faster than that observed from
micro- particles/beads, which can be attributed to nano size, and consequently large
surface area to mass ratio of the polyelectrolyte complex [46]. Erbacher et al. studied the
mechanism of polyelectrolyte complex via neutralization of charge between the cationic
polymer and DNA leading to diminution of hydrophilicity [47]. The alginate and chitosan
nanoparticles are used as nanocarriers for controlled release of therapeutic proteins
because of the ease of polyelectrolyte complexation between alginate and chitosan.

Teng et al. formulated complex nanoparticles of soy protein isolate and carboxymethyl
chitosan by ionic gelation method. Vitamin D (hydrophobic micronutrient) was
efficiently loaded into the polymeric complex based nanoparticles (162 - 243 nm). Their
compact structure rendered an encapsulation efficiency of 96.8% and efficient hydrogen
bonding capability as evidenced by FTIR spectroscopy. The polymeric complex
nanoparticles exhibited cumulative drug release of 42.3% in simulated gastric condition
and about 36% release in simulated intestinal fluid. Thus the developed nanoparticles
presented a versatile option for controlled delivery of hydrophobic bioactives and
nutraceuticals [48]. Wang et al. developed the polyelectrolyte macro ion complexes in the
form of nanocrystals between chitosan and cellulose nanocrystals. Prepared nanoparticles
were anionic and cylindrical in nature. The size of the polyelectrolyte macro ion
complexes was dependent on the ratio in which the formulation components were mixed.
Furthermore, high concentration of the chitosan produced positively charged spherical
particles whereas its lower concentration formed negatively charged non-spherical
particles [49].
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Du et al. prepared the polyelectrolyte complex of carboxymethyl konjac glucomannan
chitosan nanoparticles driven by electrostatic interactions for drug delivery of water
soluble drugs. The nanoparticles were explored for their potential as a delivery system
for bovine serum albumin. The nanoparticles ranged between 50 and 1200 nm, and the
zeta potential varied from 15 to 45 mV. The mean particle size increased and the zeta
potential decreased on changing the pH value of the medium and increasing the salt
concentration. The study suggested utilization of nanoparticulate system as an advanced
drug delivery carrier for water soluble drugs [50]. The polyelectrolyte complex of
chitosan and alginate is extensively used to devise microcapsules for cell encapsulation
and for development of controlled release formulations. The drug release is grossly
affected by the magnitude of swelling of the microsystems. In a study by Pasparakis et
al., the factors affecting the swelling of calcium alginate—chitosan microbeads were
identified as the ability of polyelectrolyte complexation between chitosan and alginate,
the initial physical state of the microbeads and the pH of the swelling medium [51].

Hamman et al. observed that the chitosan containing polyelectrolyte complexes show
good physicochemical properties. These complexes can therefore serve as excipients for
designing various delivery systems namely microparticles, nanoparticles, microbeads,
sponges, fibers, sponges and matrix tablets [52]. Saether et al. developed the
polyelectrolyte complexes by using alginate and chitosan. The factors that influenced the
particle size and zeta potential were molecular weight and net charge ratio between
chitosan and alginate [53]. Bigucci et al. claimed that the polyelectrolyte complexes of
chitosan and pectin showed pH dependent swelling and hence the drug release was pH
dependent. The said polyelectrolyte complexes were proposed for colon-targeting of
vancomycin [54]. Tapia et al. studied the polyelectrolyte complexes of chitosan with
carrageenan and alginate as prolonged release systems for diltiazem chlorhydrate. The
researchers concluded that the chitosan—alginate matrix system was superior to the
chitosan—carrageenan matrix system for prolonging drug release [55].

Shu et al. prepared microbeads of tripolyphosphate/chitosan complex for controlled drug
delivery. Sodium alginate (polyanion) was reacted with cationic chitosan on the surface
of these microbeads to form polyelectrolyte complex film that had potential for
sustainment of drug release [56]. Maciel et al. synthesized the chitosan/carboxymethyl
cashew gum polyelectrolyte complexes. At low temperature, they showed more
decomposition than the original polysaccharides [57]. Masotti et al. reported preparation
of chitosan/DNA nanospheres for pH-dependent modulated release of DNA [58]. The
spherical nanospheres with an average diameter of 38 + 4 nm with an encapsulation
efficiency of 30% were obtained. Sustained DNA release for over 60 hours was achieved
atpH 7.4.
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3.5 Polysaccharide based aerogel

Aerogels provide value added light weight platform with excellent surface area and
porosity appropriate for drug loading. The aerogels not only exhibit high drug adsorption
in their matrix but also depict high drug loading capacity. Aerogels are usually produced
from wet gels using supercritical drying technique. This technology possesses integral
porous texture of the wet material and is devoid of pore collapse phenomenon while
drying. Large surface of aerogels are formed because this technique prevents the gel
structure. When the liquid is removed from the gel, aerogels are achieved in different size
and shapes such as spherical beads, disks like structure etc. Polysaccharide based
aerogels have good mechanical properties for artificial heart valve so they are used for
the cardiovascular implantable devices. Also used as a tissue engineering substrate
because of their physical properties. In wound healing process, they act as barrier for
microorganisms and provide moisture on the wound surface [59].

The aerogels have compressive modulus which is dependent on the type of
polysaccharides, ambient moisture and oxidation reactions. Starch and alginate are
relatively common polysaccharides for drug formulation due to their low toxicity. The
combination of aerogels with structural properties and physiological compatibility of
polysaccharides have high potential for drug delivery system. Mainly gelatin, agar,
cellulose are used for the preparation of aerogels. Hemicellulose, starch and marine
polysaccharides may also be used in the preparation of aerogels. They can readily form
gel in the presence of water, polysaccharides blend and cross-linking agents. The aerogels
prepared with starch as microspheres can be used for nasal, oral and parenteral drug
deliveries for chemotherapy of lung cancer and tissue engineering. Aerogels are also
developed by the gelation of chitosan and montmorillonite material in the form of
microspheres and are extremely superior to other aerogels. In ambient environment, the
pectin aerogels are also prepared which have some thermal conductivity.

Polysaccharide based aerogels are designed for mucosal delivery through nasal, buccal,
intestinal and vaginal route due to their mucoadhesive properties. When biomaterials are
connected with polysaccharides they increase the loading capacity of aerogels, stability of
drug and also modify the drug release behaviour. The composite material silica chitosan
aerogels showed interesting results for drug delivery. Aerogels are used as drug carrier in
stimuli triggered delivery and show alteration in drug release behaviour. De Cicco et al.
studied that the aerogel with pectin and alginate can be used in the treatment of wounds
infections [60]. Quignard et al. prepared aerogels by using marine polysaccharides by
supercritical drying process using polymerswith variety of functional groups:
carrageenans (sulfonic group), alginates (-COOH) and chitosan (-NH, group) as dry
materials which disperse to form polymeric hydrogel [61].
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Tkalec et al. produced ethanol induced gelation aerogels of alginates, pectin, guar gum
and xanthan gum. Polysaccharidic aerogels were formed by dissolving the polysaccharide
in water, ethanol induced gelation and supercritical drying as the sequential steps. The
highlight of the method as claimed by the authors was gelation by ethanol, without the
use of cross-linker and the method was devoid of solvent exchange step. The overall
production time was significantly reduced and highly porous monolithic systems with
large surface area were obtained [62]. Alnaief et al. developed the biodegradable
nanoporous micro spherical aerogel containing alginate using emulsion technique.
Emulsification of sodium alginate solution in the oil resulted in water in oil emulsion.
The droplets of the dispersed phase were cross-linked to form the gel particles [63].
Alnaief et al. also developed the microspherical aerogels by emulsion based method. A
novel method based on in situ emulsification was reported to produce biocompatible
spherical aerogel microparticles followed by supercritical drying. Mixing the sol with
vegetable oil resulted in water in oil emulsion that was followed by supercritical drying
of the dispersed phase to produce aerogels. The aerogels, as proposed by the researchers
can be used for designing modulated drug delivery systems [64].

Another interesting research on aerogels based on the whey protein made by supercritical
drying technique was reported by Betz et al. The strong covalent disulphide bonds of the
whey protein based hydrogels prevented the collapse of the aerogel structure on
supercritical drying. The aerogel showed pH-dependent swelling upon rehydration. The
drug loaded whey protein based aerogels showed sustained drug release in the media
maintained at pH 1.2 and in the simulated intestinal pH (6.8). Thus water-insoluble drug
carriers from natural proteins can be used as matrices for modulated release [65].
Furthermore, Gracia et al. used apple citrus pectin to develop biodegradable matrix based
microspheres aerogels containing maghemite nanoparticles that were both cylindrical and
spherical in shape. The maghemite nanoparticles were preferentially adsorbed on the
surface of aerogel matrix microspheres but their magnetic properties were retained even
after getting incorporated into the aerogel matrix. Hence the system can be used for
targeted delivery [66]. For dermal drug delivery Guenther et al. produced silica aerogels
system of dithranol to enhance its dermal availability. The researchers concluded that the
drug incorporated in a non-crystalline state in the silica aerogel matrix could improve
both the release and the penetration properties of dithranol [67].

3.6  Polysaccharide nanocomposites

Nanocomposites comprise of either a single nanomaterial or several nanomaterials
embedded in a bulk material. A nanomaterial can be either ‘soft’ or ‘hard”. The
nanocomposites can be made of a combination of either two ‘soft’ nanomaterials or two
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‘hard’ nanomaterials or a ‘hard’” and a ‘soft’ nanomaterial. Polysaccharides such as
chitosan, heparin, cellulose, hyaluronan, alginate, pectin, guar, starch/chitosan,
chitosan/heparin, cellulose and chitin are used for targeted, tumor therapy, bone tissue
regeneration, monoclonal antibody; form a ‘soft’ nanomaterial. Various methods to
prepare the nanocomposites include dip coating, film casting, electrospinning, physical
mixing, ionotropic gelation, colloidal assembly, layer-by-layer assembly, covalent
coupling, co-precipitation and in situ preparation. These methods are based on columbic
interactions, hydrogen-bonding, and electrostatic and ionic interactions, and hydrophobic
effects.

Trimethyl chitosan nanoparticles were developed by ionotropic gelation for targeting
monoclonal antibodies to the tumor site. Likewise, ionotropic gelation of heparin loaded
hyluronic acid-chitosan nanoparticles has been investigated for asthma therapeutics. The
co-precipitation method has been reported for development of pectin-coated, iron oxide
magnetic nanocomposite for removal of Cu® [68] and heparin-coated iron oxide
nanoparticles for targeted delivery of anticancer drugs [69]. The in situ preparation of
calcium carbonate nanoparticles, in the presence of cellulose fibers, has been reported.
Drop-wise addition of sodium hydroxide to calcium chloride and dimethylcarbonate
releases CO, and calcium carbonate, while nanoparticles form on the surface of cellulose
fibres. Similarly the in situ growth of zinc oxide nanoparticles in alginate dispersion has
been used to develop antibacterial nanocomposites. Cellulose fiber — silver nanoparticle
composites find application for wound healing in clinical setting. The sodium
carboxymethyl cellulose- silver nanocomposite films loaded with curcumin showed
synergistic antimicrobial activity against E. coli attributable to both curcumin and silver,
thereby suggesting a promising wound and burn dressing [70].

The polysaccharide nanocomposites can be made using metals/metal oxides, structured
carbon, inorganic compounds, biomolecules, polysaccharides and functional polymers. In
a report by Abdollahi et al. cellulose and montmorillonite nanoparticles were added to
alginate dispersion to form inorganic- and organic-reinforced bionanocomposites with
characteristic thermal and physicomechanical properties [71]. Mansa et al. developed
guar gum montmorillonite by using solution intercalation method. They found that the
while cellulose enhances surface hydrophobicity, tensile modulus and film tensile
strength; montmorillonite increases film hydrophilicity [72].  Graphene-cellulose
nanocomposite paper was produced by merging amine-modified nanofibrillated cellulose
fibers with reduced graphene oxide sheets. The resultant paper had enhanced
electromechanical properties [73]. The nanocomposites of starch/ polyaniline developed
by oxidative polymerization of aniline were utilized for removal of dye from an aqueous
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solution based on the fact that the broken intermolecular hydrogen bonds were freely
available for interaction with the dye molecules [74].

3.7  Polysaccharide based nanogels

Nanogel is cross linked network formed by covalent linkage consisting of three
dimensional polymer chain with a particle size < 200 nm. Nanogels are categorized into
physically and chemically cross linked nanogel; and thermosensitive and pH-sensitive
nanogels. The physically cross linked nanogel are formed through non-covalent bonds
like hydrogen bonding, hydrophobic-hydrophobic, ionic and hydrophilic-hydrophilic
interactions. Chemically cross linked nanogels are developed with different cross linking
agents through polymeric chains backbone. The cross linking agents not only alter the
swelling behaviour, the pore size and the gel morphology; but they also have a key role in
achieving the predetermined release kinetics of the loaded active. The release of drug
molecules from a nanogel depends on the nature of interaction between the polymeric
molecules that may be hydrophobic interaction, or hydrogen bonding or complexation of
drug molecules with the polymeric network. .

Pullulan is a polysaccharide, which is hydrophilic and non-toxic in nature and used to
formulate self-assembled nanogel formulations [75]. Kousalova et al. discussed modified
polysaccharides such as acetylated chondroitin sulphate, cross-linked pullulan, dextran
derivatives and acetylated chondroitin sulfate as carrier for the delivery of drugs,
proteins, peptides and nucleotides [76]. Ulvan is a sulphated polysaccharide is obtained
from seaweed Ulva. Its acetylated derivative has been used to enhance the solubility of
curcumin by formulating nanogels [77]. It was also found that glycol chitosan, cationic
dextran and dextran derivatives such as dextran hydroxyethyl methacrylate based
nanogels can be used to deliver therapeutically active agent [78].

3.8  Polysaccharide based quantum dots

Quantum dots are fluorescent, inorganic semi conducting nanocrystals that exhibit
exquisite size determined electronic and optical features because of quantum internment.
Quantum dots are also described as particles comprising of semiconductor materials like
zinc oxide, cadmium sulfide, that range from 2.5 to 100 nm. They are then coated by
proteins or some types of ligands for improvement in the solubility. Primarily used for
imaging, of lately quantum dots are used to target tumor cells and conjugated to peptides,
antibodies as well as folate to enhance targeting. While naked quantum dots are toxic,
coating with silk fibroin enhances their biocompatibility. Coated quantum dots are
promising platforms for in vivo administration. Polysaccharides coated quantum dots
have been considered to enhance biocompatibility, targeting ability and stability. For the
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purpose of imaging, hyaluronic acid quantum dots (HA-QDs) were fabricated by
electrostatic reaction between QDs (+vely charged) and HA (-vely charged). The
resultant HA-QDs depicted optimal colloidal stability, lower cytotoxicity and size
integrity than non-functionalized HA-QDs. In a research report, HA-QDs were fabricated
by conjugating the --COOH group of QDs with the —NH; group of modified HA
[79]. Higher modification of HA inflicted negative effect on receptor mediated
endocytosis. Thus a modification up to 22 mol% was considered sufficient. Studies
showed that HA-QDs effectively responded to the hepatoma and hepatic stellate cells that
play a key role in liver pathologies. Therefore, post tail vein injections in rats, resulted in
higher build-up of HA-QDs in cirrhotic livers in contrast to normal livers. However, the
clearance of HA-QDs was quite slow from the diseased liver. This indicates that HA-QDs
act as useful imaging agents for detecting chronic liver diseases. Modifying the QDs by
polysaccharides can enhance the stability of QDs for imaging application. Well it is not
easy to load enough amounts of active pharmaceutical agents in the quantum dots for
drug delivery. To overcome this disadvantage, water soluble QDs loaded chitosan
nanospheres were fabricated by ion complexation method. This offers the advantage of
high drug loading and has more space as well. When the chitosan QDs were given
intratumorally in mice, appearance of strong fluorescence signal at tumor site was
observed. The nanospheres showed targeted as well as specific delivery of HER2 sRNA
to HER 2 SKBR3 cells of breast cancer [80].

In another study, it was found that encapsulation of Mn- ZnS QDs in chitosan can result
in diminutive toxicity, and improvement in the functionalization with folic acid. In a
report by Bwatanglang et al, the authors integrated the targeting ability of folic acid and
imaging capacity of Mn-ZnS QDs into a single unit nanosized delivery system [81]. Folic
acid chitosan conjugates (FACS) were fabricated and conjugated with Mn-ZnS QDs to
form nanocomposite of FACS-Mn-ZnS QDs. Both, Mn-ZnS and FACS Mn-ZnS
nanocomposites showed toxicity against normal breast cells and cancerous breast cells.
On increasing the concentration of QDs dots, a minor reduction in the feasibility of
cancerous cells served with FACS-Mn-ZnS was recorded in comparison to Mn-ZnS QDs.
The reduction is attributable to increased coupling between FA linked QDs and the folate
receptor expressing cancer cells. Additionally, it was depicted that FA conjugated QDs
emitted strong fluorescence on the binding to the folate receptor expressing cancerous
cells.

In another study, cadmium telluride nanocapsules were developed using chondroitin
sulfate (anioinic polysaccharide) that were utilized to encapsulate +vely charged oily core
and co-loaded by celecoxib and rapamycin [82]. On chondroitin sulfate, a layer of
cationic gelatin linked QDs got deposited that retarded the non-specific uptake by normal
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cells. It was found that; gelatin was hydrolyzed at tumor sites by matrix
metalloproteinases. This led to the release of QDs as well as drug nanocapsules into
cancerous cells for imaging application. However, when gelatin was replaced with
lactoferrin, an ON-OFF effect was observed, where QD fluorescence gets influenced by
transfer of energy which later gets stored in tumor cells. Thus hybridization of QDs by
polysaccharides results in improved tumor targeting capability.

3.9 Polysaccharide decorated nanoparticles

Nanoparticles are particles of sub-micron size that can easily pass via small capillary due
to their ultra small size (<1000 nm) and can avoid rapid clearance by which the residence
in the blood stream is prolonged. They can exhibit controlled release behaviour owing to
their sensitivity to pH and temperature and biodegradability. Currently, nanoparticles are
being used for delivery of drugs, polypeptides, proteins, nucleic acid, genes etc. The
materials for nanoparticle preparation include poly(lactic acid), poly (glycolic acid),
proteins and peptides and polysaccharide particularly chitosan. Out of all these materials,
the most relevant material for preparing nanoparticles for delivery of drug is
polysaccharides.

Hydrophilic groups such as amino, carboxyl and hydroxyl present in polysaccharide can
form non-covalent bonds with the biological environment to affect bioadhesion.
Therefore, when nanoparticles are made by using bioadhesive polysaccharides, it
enhances the residence time of the drug loaded nanoparticles. Many reports on
nanoparticles of polysaccharides as well as their derivatives for drug delivery can be
found in literature. For polysaccharide decorated nanoparticles, four methodologies are
generally observed, namely ionic cross linking, polyelectrolyte complexation, covalent
cross linking, and self-assemblage of hydrophobically modified polysaccharides.
Chitosan is frequently used for the preparation of nanoparticles using glutaraldehyde as
cross linker. But glutaraldehyde causes serious toxicity to the cells which limits its uses
in the delivery of drug. Therefore, biocompatible covalent cross linking agents can be
used. Biocompatible crosslinking agents include carbodiimide, natural di-carboxylic acid,
and tri-carboxylic acids (tartaric acid, citric acid and malic acid). The nanoparticles
formed by this process were found to be stable. In ionically crosslinked polysaccharide
nanoparticles, low molecular weight polycations and polyanions were used as ionic cross-
linkers. It has been reported that ionic crosslinking has more advantages than covalent
crosslinking as ionic cross linked nanoparticles are mild and prepared through simple
procedures. The most extensively used polyanion cross-linker is tripolyphosphate. The
first triphosphate crosslinked chitosan was reported by Alonso in 1997.
Tripolyphosphate-chitosan nanoparticles have been investigated for delivery of drugs and
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macromolecules. In polyelectrolyte complexation, the polyelectrolyte polysaccharide
forms complexes by intermolecular electrostatic interaction. This can be acquired by
regulating the molecular weight of polymers up to a definite range.

Theoretically polyelectrolytes are confined to be biocompatible and water soluble
polymers for safety purpose. Ultimately, the only natural polycationic polysaccharide that
can meet the criteria is chitosan. Polymers like carboxymethyl cellulose, alginate, dextran
sulfate, heparin, etc can be complexed with chitosan to fabricate nanoparticles. In self-
assembly of hydrophobically modified polysaccharides, the hydrophobic components are
grafted on hydrophilic polymers to get amppiphilic copolymers. When polymeric
amphiphiles come in contact with an aqueous environment, micelles or micelle like
aggregates are spontaneously formed by intermolecular association within hydrophobic
moieties for minimizing interfacial free energy.

In a study by Zhu et al. selenium nanoparticles anchored with Ulva lactuca
polysaccharide were formulated that were significantly effective against acute colitis
model in mice. The nanoparticles inhibited NF-kB mediated hyper inflammation [83].
Wang et al. showed that metallic nanoparticles were stabilized using various
polysaccharide/polysaccharide derivatives for improved antimicrobial effect. They
showed that pullulan, pectin, chitosan, starch, chitosan-poly(acrylamide), guar gum,
hydroxypropylcellulose, chitosan-carboxymethyl cellulose, xanthan gum, gum ghatti and
gum kondagogu are able to deliver active therapeutic agent for better therapeutic effect
[84]. Namazi et al. discussed that polysaccharide and polysaccharide derivatives can be
utilized for the formulation of nanoparticles to deliver therapeutic active agent. Authors
found that starch, chitosan, dextran, pullulan, cyclodextrins, cellulose, lactic acid and
stearic acid grafted starch, a-cyclodextrin and caprolactone grafted chitosan, PLGA and
1,2- epoxy-3- phenoxypropan grafted dextran, alkyl bromide (octyl, decyl or dodecyl)
and acetic anhydride grafted pullulan were utilized to formulate nanoparticles for the
delivery of therapeutic agents [85].

3.10 Polysaccharide micelles

Micelles comprises of amphiphilic macromolecules having a hydrophilic shell and
hydrophobic core. Spontaneous self-assemblage of amphiphilic molecules above the
critical micelle concentration results in micelles formation. In aqueous environment the
polar region faces micellar surface and non-polar region forms the micelle core.
Therefore, micelles are able to deliver hydrophobic and hydrophobic drugs and the
macromolecules. Generally, the particle size of micelles ranges from 5-50 nm depending
on the concentration. Basically, micelles that are developed for delivery of drug
molecules must be biodegradable, biocompatibile, stable and non-immunogenic. The
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polysaccharides fulfill the listed requirements and can be modified to exist in charged and
neutral states. Additionally, polysaccharides contain variety of reactive groups that
include hydroxyl, carboxyl, and amino groups that indicates the possibility of chemical
modification in the micelles. The molecular weight of polysaccharide varies from 100 to
1000 Daltons.

A number of functional groups attach to the polysaccharide backbone that facilitate
attachment of hydrophobic moiety and initiate self-assembly. The most reliable
hydrophobic moieties used for initiation of self-assembly to a micelle are cholesterol,
stearic acid, cholic acid, pluronic, polylactide, polylactide-co-glycolide, deoxycholic acid,
polycaprolactone. It has been reported by several investigators that cholesterol modified
pullulan forms multiple hydrophobic microdomains in place of single hydrophobic case
after self-assembly. These multiple microdomains act as physical cross-linkers that
enclose the exterior part of hydrophilic shell and ultimately form self-assembled
constructs referred to as nanogels. Systems formed by this technique include pullulan
based systems, cellulose based systems, dextran based systems, chitosan based systems,
heparin based systems, hyaluronan based systems etc. In pullulan based systems, the first
reported self aggregated colloidal system is cholesterol bearing pullulan that showed high
stability. The cholesterol bearing pullulan was developed by grafting cholesterol groups
to various glucose units on pullulan in a random way. The transmission electron
microscopy technique confirmed the self aggregation of cholesterol bearing pullulan as
uniform spherical structures. The cholesterol bearing pullulan self-aggregates can be
loaded with insulin that confer protection to insulin from enzymatic degradation and
denaturation. Recently, cholesterol bearing pullulan has been modified and crosslinked
with various hydrogels. The crosslinked cholesterol bearing pullulan can be useful in the
treatment of bone degeneration; and promotes regeneration of bones. Other pullulan
based micelle systems include pullulan acetate, pullulan-g-PLA, PLGA graft pullulan,
and pullulan hydrophobic drug conjugates such as pullulan biotin [86, 87].

4.  Drug release mechanisms

Gums and mucilages, because of their polysaccharidic nature, possess immense potential
to function as hydrophilic matrices from which either water-soluble or water insoluble
active pharmaceutical ingredient can be released in a controlled and tailor-made fashion.
Swelling in the gums occurs as a result of balance between osmotic pressure, electrostatic
pressure and entropy-favored dissolution in the water. This occurs because of porous
cross-linked hydrogel structure. Low intermolecular forces with inherent low chain
packing in the internal structure, offers little resistance to water permeation and thus
exhibit very fast water diffusion. The driving forces for transport of drug molecules
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through polymer matrix are solvent penetration, swelling, chain disentanglement,
relaxation, drug diffusion and erosion/degradation of matrix of which the phenomena of
diffusion and erosion contribute significantly. A gel layer or sheath of swollen polymer
forms on the surface of the tablet whose thickness increases with time due to alterations
in interactions between polymer, drug molecules and water. The gel layer acts as a barrier
to subsequent influx of the medium and thus retards release rate of drug. Influx of water/
body fluid leads to swelling of polymer with formation of two distinct phases of polymer-
inner glassy phase (crystalline region) and swollen rubbery phase (hydrated/gellified
region) characterized by lowering of the glass transition temperature and finally
relaxation of the hydrated polymer chains at the surface. In absence of any solute, the
primary step of water penetration is governed by diffusion of the solvent and relaxation
of the polymeric chains which depend on the water content in the above mentioned
regions of the matrix. Relaxation involves rotations, translations and vibrations of the
constituent chains. Though the polymer relaxation is the final step it occurs through a
series of events. Solvent penetration leads to a change in the configuration in the polymer
network which becomes elongated so as to cause swelling and this promotes further
water penetration. However, this is opposed by the development of counteracting elastic
restrictive forces. Finally, equilibrium is attained when the two forces of elastic restrictive
forces and osmotic pressure governing influx of solvent balance each other. The
transition from glassy to rubbery state occurs at a critical or threshold polymer
concentration with initiation of the processes of chain disentanglement and polymer
dissolution. Macromolecular relaxation at the glass-rubbery interface indicates stress
generation due to swelling of the polymer, which at the extreme point (severe hydration)
initiates the final step of matrix erosion when inter-chain intermolecular forces can no
longer withstand any external forces. This emphasizes the significance of the
phenomenon of swelling in the process of drug diffusion through the hydrogel matrix.
The equilibrium swelling capacity depends on structure of the hydrogel, hydrophilic
content, cross-link density and ionic content. Concentration of swelling medium is also a
factor of major concern mainly for diffusion of water-soluble drugs since swelling will
not occur to maximum capacity in situation of lack of medium availability and hence,
diffusion of drug will be less than optimal. Drug initially dissolved/dispersed in the
glassy layer diffuses out slowly through the rubbery phase and with time the rate
decreases because the thickening of viscous gel layer on the outer surface increases the
diffusional path length and offers resistance to the efflux. In case of water-insoluble
drugs, the degradation of polymer affects the drug release from the matrix. Drug release
from gum- or mucilage-based hydrophilic polymeric matrix can be represented as
occurring stepwise through four fronts formed once the solvent penetration induced

EBSCChost - printed on 2/14/2023 2:11 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Advanced Applications of Polysaccharides and their Composites Materials Research Forum LLC
Materials Research Foundations 73 (2020) 27-64 https://doi.org/10.21741/9781644900772-2

swelling and erosion of polymer chain have been initiated. Polymer dissolution/erosion is
marked by the disappearance of all the four fronts as demarcated in Fig 2.

Eroding front

\ Diffusion front
\ Swelling front
Zone 1: Dry polymer in

glassy core; undissolved
drug particles

Zone 2: Rubbery state:
/ dissolved drug

Zone 3: Gel layer:
dissolved drug only

Penetration front:
(mixed. swollen
and dry matrix)

Figure 2. Schematic diagram of polymer dissolution/erosion front.

Eroding front: It demarcates the matrix and the penetrating solvent outside the matrix.
The direction of its movement depends on the predominance of erosion and swelling
processes. If swelling phenomenon dominates, the boundary between the release
environment and the matrix moves outwards. Erosion is governed by the hydrodynamic
conditions of the release medium and strength of the network connections. Swelling
front: Exists as a boundary between inner glassy core and outer swollen rubbery layer,
moves inward at a speed determined by the porosity of the matrix. Diffusion front:
Separates the completely dissolved drug in the outermost part of the rubbery zone and
drug yet to be dissolved in the inner layers of the rubbery region and located between
swelling and erosion fronts. Penetration front: It exists at the interface between glassy
core and the hydrated portion of the glassy core [88, 89].

The drug release from gum based matrix systems may be governed by swelling or
diffusion or erosion and sometimes a combination of any two phenomena leading to
swelling-controlled release systems, diffusion-controlled release systems, chemically
controlled systems and environmentally responsive systems. Though swelling and
erosion of the matrix have been depicted as two distinct steps, there may be
synchronization between these two phenomena occurring simultaneously as has been
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reported with locust bean gum matrix, thereby maintaining a constant gel layer [90].
Helical structure of the xanthan molecule imparts a degree of order which is disrupted
following hydration and thereby enables release of the drug molecule. Initial high degree
of swelling due to water penetration followed by low degree of erosion at later stages
characterizes the release of drug from xanthan gum based formulations. However,
incorporation of locust bean gum in fixed proportions produces synchronization between
swelling and erosion of the hydrophilic matrix forming a constant gel layer. The burst
phenomenon is controlled by the proportion of xanthan gum in the formulation. Xanthan
gum at lower percentage swells up rapidly with less rigid hydrogel structure leading to
rapid release of drug. At higher percentage, degree of hydration increases markedly,
increasing diffusional path length and hence diminishing the release rate of the entrapped
molecule. Minor alteration in the composition of the formulation with respect to xanthan
gum can modulate the release pattern substantially. Locust bean gum, if used alone, fails
to produce the desired effect of controlled release because of its rapid erosion and loss in
structural integrity. The structure of locust bean gum and its erodible nature make it a
very versatile candidate for synergistic action in sustained delivery of drug in
combination with suitable hydrophilic gums [91].

In a study, it was observed that the swelling of gellan gum was dependent on
temperature, the concentration of cation and environmental pH. On exposure to water,
gellan gum based microbeads imbibe water, assuming a gel like consistency through
which water penetrates or moves inwards and helps in dissolution of the entrapped drug
molecules which then diffuse out of the matrix through gel layer. As the drug molecules
come out, they create a network of water-filled tortuous channels across the matrix, the
extent of which is a direct function of drug load. The initial burst phenomenon observed
from the beads at all pH values is attributable to the crystalline drug present on surface of
the beads [92].

Gum hakea was found to release the incorporated chlorpheniramine maleate from its
matrix by polymeric chain relaxation preceded by hydration [93]. Drug release from the
sodium alginate matrix was dependent on the pH of the medium and its swelling may be
assumed to depend on the ionic content of the system as well as the surroundings,
specially, divalent calcium ion. For such systems, swelling is more entropy favored
process at a given amount of elastic forces. The magnitude of osmotic and electrostatic
forces increase with the number of ions in the system and thus the matrix
thermodynamically behaves like a liquid. Porous hydrated structure is formed due to
conversion of the alginate to alginic acid in acidic pH releasing the drug faster whereas
neutral pH promotes formation of a viscous gel layer. The profile remains same even if
calcium gluconate was added to the matrix, which acts as a pore former although it
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increases the rigidity of the gel matrix. Since, both locust bean gum and guar gum are
non-ionic polysaccharides; drug release from such matrices is independent of pH. It is
worthwhile to mention that colon targeting ability of guar gum based systems is in no
way related to pH effect but to its specific cleavage and breakdown by the anaerobic
colonic bacteria [94]. Drug release from three layer matrix tablet necessitates special
consideration. Release retardant polymer present on either sides of the matrix hampers
solvent interaction and penetration to the core thus reducing the effective surface area
accesible for drug release and burst effect is suitably controlled. With the onset of
dissolution, erosion of the gelatinous barrier layer occurs which increases the surface area
available for drug release and increases the diffusional path length. Finally, the solvent is
able to access the dry unswollen core of the matrix gums and mucilages act as
superdisintegrants mainly because of their unique property to swell in aqueous medium
due to presence of pores and cross-link joints, reduce intermolecular forces. This activity
is manifested at much lower concentration than that required for sustained or modified
release effect. Water penetration promotes swelling creating zones of high stress, and as
it occurs, an outer isotropic radial pressure is created on the tablet; physically weakening
the tablet structural integrity causing its rupture. Thus, the matrix produced by gums
keeps its original shape even after swelling. Since, they are added at very low
concentrations, characteristic gelling property of the gums does not affect drug release
under any circumstances.

5.  Factors affecting drug release

Though the hydrophilic matrix is one of the simplest techniques for regulating rate of
drug delivery from a device, mechanisms involved with the ensemble of phenomena
ruling release process are quite complex and depend on the interplay of several factors.
Profound knowledge of the various factors will help towards realization of the aim of
successful controlled drug delivery. The polymer matrix may be assumed to be a
percolative network because of the presence of wide network meshes acting as accessible
sites for the diffusant and small meshes serving as forbidden sites. Because of this
complex network topology and internal high degree of disorder, drug distribution in the
matrix strongly influence the release profile and kinetics. Even if the drug is
homogeneously distributed throughout the matrix, burst effect may be observed
following which drug will be released slowly. Factors affecting the complex release
process are physicochemical properties of the solute and the polymer (processes of
adsorption/desorption may occur on the matrix surface during drug diffusion), solvent
polymer interactions, structural framework and morphology of the matrix, drug-polymer
ratio (alteration in the composition may change the tortuosity), ratio between size of
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diffusant molecule and mesh size, release environment (pH may affect the release rate
from ionic polymers), thickness and the strength of the gel layer formed, presence of
contaminants like fillers in the formulation The thickness of gel layer depends on the
drug load and viscosity of the polymer. Presence, position and movement of the diffusion
fronts depend on the drug dose in the matrix [95, 96].

6. Kinetics of drug release

Mathematical modeling of the release data enables elucidation of mechanisms of solute
transport processes through the natural gum based matrix type delivery devices. It also
facilitates prediction of release kinetics even before the drug release is realized in
practice. Finally, it plays a key role in process optimization of complex drug delivery
systems. Since, in polysaccharide based drug delivery systems, drug release is primarily
controlled by swelling and relaxation of the hydrophilic polymeric chains preceded by
water-uptake, such drug delivery systems may be aptly recounted by two dimensionless
numbers: (i) Diffusional Deborah (De) number and, (ii) Swelling Interface number. The
magnitude of De (>>1 or << 1) indicates whether the swelling process is dominated by
polymer relaxation or water penetration and the entire drug diffusion process can be
explained by Fick’s first law of diffusion. Characteristic diffusion time can be smaller
than the polymer relaxation time when the solvent is absorbed before the polymer gets a
chance to completely relax [97, 98].

7. Future prospective

Cellulose, starch and its derivatives, chitin and chitosan have become standard excipients
during the last few decades. In future, the polysaccharides based drug delivery systems
will occupy stronger position. The marine polysaccharides are emerging as important
pharmaceutical excipients of drug delivery systems. Examples of marine polysaccharides
are chitosan, chitin and its derivatives chitosan, agar, alginate and collagen. Over the last
decades, many innovative formulations have been explored to negotiate drug release for
longer periods. Recently, a novel method was developed to allow prolonged release and
plasmid DNA expression in vitro. Collagen and its derivatives were used in this system
that acted as carrier for prolonged delivery of DNA vectors. The chitosan based modified
release dosage forms suffer from fast dissolution in stomach. Since chitosan is positively
charged at low pH values of stomach it spontaneously reacts with negatively charged
polyions to form polyelectrolyte complexes. Researchers need to address this challenge.

As a well documented fact the concentration of the colonic microflora gets altered in the
disease conditions. Consequently the degradation profile of natural polymers that are
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degraded by the colonic bacteria should be studied in its disease state for designing
colonic drug delivery systems. The future challenge would be to find a polysaccharide
that would from a non-permeable film and at the same time present high degradability.
The polysaccharides with low water solubility offer better drug retaining capability, but
at the same time suffer from poor degradability. As the colonic enzymes are inducible, it
may be possible to induce the select enzyme(s) by achieving colonic delivery of the
polysaccharide prior to the drug delivery system.

The commercial sustainability is evidenced by patents utilizing polysaccharide for the
delivery of therapeutic agents is tabulated as Table 2.

Table 2. A cross section of patents on polysaccharide based drug delivery.

Patent
number

Year

Highlight

US15/59
3,871

2019

The work describes the mechanism of polysaccharide microspheres formation
that includes contacting a solvent with a modified cellulose to form a solution;
contacting the modified cellulose solution with contacting discontinuous phase
of liquid with a continuous phase liquid; at least one bioactive agent to form a
discontinuous phase liquid to form an emulsion; and contacting the emulsion,
with a third phase liquid to extract the solvent from the emulsion, thereby
forming a plurality of modified cellulose microspheres [99].

US16/09
7941

2019

They developed the kits, compositions and methods for modifying for altering
polysaccharide fillers and drug delivery systems with the application of an
ascorbate [100].

US15/11
0634

2018

They worked on the field of conjugate vaccines of pneumococcal capsular
saccharide. Specifically, a multivalent streptococcus pneumoniae immunogenic
composition is allocated with different conjugated capsular saccharides from
various S. pneumoniae serotypes conjugated two or more different carrier
proteins. Polysaccharide is able to deliver diphtheria toxoid for therapeutic effect
[101].

US14/72
9408

2018

A tunable vancomycin loaded hydrogel formulation was made. To obtain desired
gel strength the ion concentration in the gel material was altered. The hydrogel
formulation was layered directly upon burnt skin. The hydrogel formulation also
included microparticles and/or nanoparticles such as activated carbon powder
that has absorbed additional antibiotic. The particles are used to aid in attaining a
timely or sustained release of the antibiotic drug [102].

US14/94
2,435

2018

The invention embodies the excipient combination of rice starch and cellulose or
a derivative thereof. The rice starch is pregelatinised or in the form of grains and
the cellulose is crystalline or powered. In some quality the composition is in the
form of tablets or capsules. Composition preferably does not contain dyes, inks
or colourings and are free from sulphites, benzoates and parabens. Carriers and
drug delivery systems for the composition are also disclosed [103].
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US14/41
1,928

2018

The invention relates to a process for preparing a polysaccharide derivative,
comprising the steps of: (a) contacting at least one polysaccharide with at least
one polysaccharide swelling agent at a temperature of at most 70.degree. C.; and
(b) subsequently, contacting the product of step (a) with at least one aromatic
isocyanate; thereby preparing a polysaccharide derivative. The invention deals
with modification of polysaccharides at about 70° C. Superior properties
isocyanate derivatives of polysaccharide were prepared [104].

UK1717
991.2

2018

The inventors activated streptococcus pheumoniae serotype 10A, 22F, or 33F
polysaccharides. They also relates to immunogenic conjugates

comprising Streptococcus pneumoniae serotype 10A, 22F or 33F
polysaccharides covalently linked to a carrier protein, processes for their
preparation and immunogenic compositions and vaccines comprising them. For
better therapeutic effect covalently linked polysaccharide [105].

US15/18
31077

2017

The invention embodies a multiple pulsed dose drug delivery system for
pharmaceutically active amphetamine salts, comprising a pharmaceutically
active amphetamine salt covered with an immediate-release coating and a
pharmaceutically active amphetamine salt covered with an enteric coating
wherein the immediate release coating and the enteric coating provide for
multiple pulsed dose delivery of the pharmaceutically active amphetamine salt.
The product can be composed of either one or a number of beads in a dosage
form, including capsule, tablet, or sachet method for administering the beads
[106].

US15/48
0,021

2016

A biomaterial comprising injectable bioresorbable polysaccharides composition
where as the polysaccharide may be succino- chitosan glutamate was disclosed.
The particles comprising or consisting essentially of chitin and /or chitosan,
which may be free of any additional formulation modifying agents, and a
process for manufacturing the same. Medical device are relates to a biomaterial
and to a method of repair or treatment including the filling of cavities in the
human face or body [107].

US15/09
1,142

2016

A method and composition for targeted delivery of substances to the lower Gl
tract comprises a base or scaffold carrier to which is fixed or covalently attached
to a drug or prodrug. When the compound taken orally travels through the Gl
tract of a patient to the lower GI where bacterial azo reductase enzymes cleave
the bonds, releasing the drug or pro drug from the base or scaffold carrier
permitting the delivery of the drug to the vicinity of a target cell type in the Gl
tract. The base or scaffold, which remains as a by- product passes out of the Gl
tract in the feces [108].

US14/27
1,251

2015

Novel water stable pharmaceutical compositions, their liquid form oral
pharmaceutical compositions and Kits thereof, rehydration beverages containing
these water stable pharmaceutical compositions methods of manufacture and
methods of use thereof are disclosed. The novel aqueous delivery systems are
useful, as alternative pharmaceutical dosing agents to tablets, capsules and other
forms of delivering medication to a mammalian host in need thereof [109].
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US12/68
1,676

2015

The invention embodies a method of tissue engineering for a porous scaffold. It
discloses the method and its use for tissue engineering, cell culture and cell
delivery. Consisting of steps a) preparing an alkaline aqueous solution
comprising an amount of at least one polysaccharide and one cross-linking agent
b) freezing the aqueous solution of step a) ¢) sublimating the frozen solution of
step b). Characterized in that step b) is performed before the cross-linking of the
polysaccharide occurs in the solution of step a) [110].

US13/49
8,621.

2015

The invention discloses particulate polysaccharides derivative production by
dry- grinding a moist polysaccharide derivative. [111].

US13/23
1,150

2014

The invention discloses pharmaceutical compositions for target delivery of a
drug to cells expressing higher levels of P-glycoprotein compared to other cells
in a mammal, for the treatment of various diseases or conditions, such as cancer
and neurological conditions [112].

US15/18
3/077

2013

The aldehyde-functionalized polysaccharides may be reacted with various
amine-containing polymers to form hydrogel tissue adhesives and sealants that
may be useful for medical applications such as wound closure, intestinal
anastomosis and vascular anastomosis, issue repair, preventing leakage of fluids
such as blood, bile, gastrointestinal fluid and cerebrospinal fluid, ophthalmic
procedures, drug delivery, and preventing post-surgical adhesions [113].

US12/80
9,629

2011

Describes a liquid controlled- release drug delivery compositions which gel
upon injection into the body to form, in situ, controlled —release drug implants.
The compositions of gel- forming polymer feature that is insoluble in water, a
polyethylene glycol solvent in which the polymer is dissolved, and the drug
substance to be delivered [114].

US10/74
0,436

2010

The invention discloses the process of isolation of highly-branched glucose
homopolymers from various organisms including, but not limited to,
microorganisms such as bacteria and yeasts. Also provided are methods for
chemical conjugation of the polysaccharide nanoparticles with various agents.
Also provides examples of use of the polysaccharide nanoparticles and their
derivatives as drug delivery systems and fluorescent diagnostics [115].

US11/99
2,272

2009

The invention discloses a method of delivering a therapeutic agent by providing
a cross- linked polymer encapsulating the therapeutic agent to a site in a patient.
The cross-linked polymer degradation rate is correlated with a local
concentration of an indicator, and the therapeutic agent is released as the cross-
linked polymer degrades [116].

PCT/I
L200

4/000
123

2006

It discloses a delivery system incorporating pharmaceutical products for delivery
to an eye in the treatment of primary open —angle glaucoma. The formulation
comprises (a) a biocompatible erodible material incorporating a therapeutically-
effective amount of a prostaglandin analogue, and (b) a reservoir containing a
therapeutically- effective amount of a beta-blocker, whereby, when the delivery
system is placed in the eye the prostaglandin analogue is delivered gradually as
the erodible material is eroded, and the beta-blocker is delivered rapidly when at
least a predetermined portion of the erodible material has been eroded [117].
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Abstract

This chapter described the importance of polysaccharides-based membranes for drug
delivery systems. The most recent advances in the treatment of skin lesions are related to
the use of biomaterials with biological activity that contribute to the cicatrization,
reducing the time of cure of the renovated tissue. Polysaccharides are the structural
material used in the development of these new dressings because it is biocompatibility
and biodegradability. Also, the incorporation of the drug in membrane drug delivery
showed to be efficient for treatment. However, the search for an ideal dressing is still
underway.
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1. Introduction

Skin is our largest organ of the human body (16% of the body weight, 2 m? in the surface
in adults). The skin recovers and protects the body surface, and it has functions: (i) to
regulate the loss of water; (ii) to protect the body against friction; (iii) control the blood
flow; and; (iv) to participate in the sensory functions (heat, cold, pressure, pain and
touch) [1]. With this, the skin is a vital organ formed by three layers: epidermis, dermis,
and hypodermis, from the outermost to the deepest respectively.

The interruption in the continuity of the skin causes the wound, which can reach the
epithelial tissue, mucous membranes, or organs with anatomical and physiological
compromise [2]. And, it occurs every time the tissue loss goes beyond the dermis, and
skin healing is classified into three stages. The first stage denominated inflammatory
phase begins soon after the injury; the proliferative is responsible for epidermal
reconstitution, the so-called re-epithelialization; and in the remodeling phase deposition
of neoformed tissue occurs, which contributes to the maturation of scar tissue [3].

The phenomena described refer to the physiological healing process, but there are
situations in which there is a decrease in the response of the organism, such as diabetes
mellitus and excessive exposure to radiation. There may also be an increase in this
response, as in cases of keloid scar or hypertrophic scar [4, 5]. Normal wounds have
"stop" signs that interrupt repair when the epithelization is complete, but there are wound
that show difficulty to closed, or ineffective, causing excessive scarring. Mechanisms that
lead to over replacement are still objects of investigation [1].

A chronic wound is one that failed to progress in the repair phases in an orderly and
timely manner and showed no significant progress toward healing in 30 days [6]. The
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loss of cutaneous integrity cause disequilibrium in the homeostasis in the tissue, being the
process of complicated tissue repair, multifactorial and continuous, mechanism of
specific attention and cellular extracellular as cytokines and growth factors [7]. The
treatments are based on laser therapy, microcurrent technique, the use of the hyperbaric
chamber and the vacuum dressing (Barker vacuum), however, they are generally high-
cost artifacts and require a considerable (physical and personal) structure for their use [8].

Recent studies have promoted the incorporation of actives into biomaterials, which point
to advantages such as acceleration of the granulation process and reepithelialization,
controlled release of the active principle, and increased patient comfort and shorter
treatment duration [9].

Innovations about materials for repair of cutaneous lesions, polymers are the most used
biomaterials in the medical field, being able to constitute biomembranes, biofilms, gels,
hydrocolloids, and hydrogels, associating biological activity with the possibility of drug
delivery. However, membranes composed by polysaccharides are the most used because
of its easy application, which has in their use alone or in an associated way scientifically
proven advantages in the optimization of wound healing processes [10].

The ideal membrane provides for the control of bacterial growth, removes devitalized
tissue, and stimulates the growth of keratinocytes. Furthermore, the dressing should have
low toxicity, rapid action, no irritation or sensitization, no adhesion, and be effective even
in the presence of significant exudate [11]. Also, mention adequate water vapor
permeability to maintain the environment of wound humid and drugs as an antimicrobial
activity to evicting infection.

2. Biomaterials

Biomaterials are defined as any pharmacologically inert material capable of interacting
with a living organism, not inducing adverse reactions at the site of implantation or even
systemically. The origin can be natural or synthetic polymers, ceramics, and metals, and
it is used for a period, that improves the cicatrization increasing or replacement of the
skin [12].

The first characteristic studied of biomaterials is biocompatibility because it's replacing
damaged tissue and providing mechanical support with the minimal patient biological
response. The evolution of this process has added concepts such as biodegradability, with
the ability to be incorporated or absorbed by the host tissue, and, more recently, the idea
of biomimetic, looking for materials that actively participate in the recovery process,
acting in the specific tissue, with stimulation at the cellular level [13].
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There are various types of biomaterials, and the use of membranes is mostly used for skin
lesions. Membranes composed by polysaccharides show biological activity that
contributes to the healing process, enhancing the cicatrization and appearance of the skin.
It acts as a permeable barrier to avoid water loss, protect from the external environment,
and favor gas exchange, have been used in the medical and pharmaceutical industries [10,
14, 15].

Polysaccharides are the main material used in the production of these membranes for
wound healing because it shows high biocompatibility, biodegradability, and often,
physiological activity. Also, they have the property of associating with damaged tissue,
promoting healing, and can also be easily mixed with antimicrobial agents to improve
their performance on chronic wounds. Some of the dressings already developed have
proven effective; however, the ideal membrane is still in progress [16].

2.1 Polysaccharide

Polysaccharides are composed of monosaccharides joined by glycosidic bonds, obtained
in plant bio synthesizer animals and by microorganisms production. There is a long linear
or branched chains; it is estimated that in nature, 90% of all carbohydrate mass is in the
form of these molecules, which in turn perform a complex of functions [17].

Several criteria should be considered when choosing a polysaccharides material for
wound healing because its particular properties direct them to a specific application. In
this sense, the forms that the chains may assume, the arrangement of the monomeric
units, the presence or absence of particular atoms or functional groups, structural rigidity,
chain polarity, and polymer molar mass result in subclasses of compounds which may
present differentiated behaviors. The chemical structure of the polymer is crucial for the
action and influences degradation, toxicity, and biocompatibility of the membrane [18].

Natural polysaccharides have been outstanding because they are obtained from raw
materials from renewable sources, such as corn, sugarcane, cellulose, chitin, and others.
The choice for these materials has been highlighted in the area of dressings because they
can maintain a controlled microenvironment at the lesion site [19].

The characteristics of biocompatibility and biodegradability have their mechanical
properties limited, and to preserve their biological artifice, often the costs of production
become high. During the formation of the compounds, some of these problems can be
minimized, depending on the association of other polymers or the incorporation of a drug
[17]

Despite all the advantages, polysaccharides have some technical limitations that make
their preparation and their use as a final product difficult; these difficulties include
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improving the thermal resistance, the mechanical and rheological properties and the rate
of degradation of the same [20]. The modifications of these compounds have been
studied and from them are developed blends, composites, and nanocomposites to remedy
the cited obstacles and to aggregate studies regarding the properties of gas permeability
and the costs of obtaining and processing [21].

The natural polymer is the most used to produce membrane, include as chitin and
derivates, carrageenan, pectin, hyaluronic acid, cellulose, agarose, alginate, collagen, silk
fibroin, as detailed in Table 1 [22].

Table 1. The polysaccharides applied for wound healing of integrity to traumatized

tissue.
Polysaccharide Drug incorporated Formulation Application Pharmac Refer
S ological ence
Tannicacid Hydrogel Wound healing In vitro [23]
Agarose . Skinregenerati In vitro
Chitosan Hydrogel on apd In [24]
Vivo
Vicenin-2 Hydrocolloid Film )j/\i/;kgjer;?cén In vivo [25]
fﬂlc?ﬁ:;;aoﬁei o Scaffolds Wound healing  In vitro [26]
Protamine and Hydrogel Skin wounds in  In vivo [27]
hyaluronan diabetics
oligosaccharide
Diclofenac sodium Hydrogel Treatingre- In vitro [28]
Thermosensitive infectedwound
S
Alginate Tetracyclin_e Films Wounddressin  In vitro [29]
hydrochloride g
Fattyacids + vitamins A Hydrogel Wounds in Study with  [30]
+E diabetic feet humans
Ciprofloxacin Films Healing of In vitro [31]
infected foot
ulcers
Povidone-iodine Films Wound healing In vivo [32]
Mitsugumin 53 Hydrogel ChronicWound  In vitro [33]
healing
Insulin Sponge dressing Healingofburn  In vivo [34]
wounds
Alginate/Hyalur Platelet lysate and Gel Chronicskinulc  In vitro [35]
onic acid vancomycin ers and Ex
hydrochloride Vivo
Alginate/Pectin  Simvastatin Films Wounddressin  In vivo [36]
g
Carrageenan Streptomycin Films Woundhealing  In vitro [37]

Anddiclofenac
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Montmorillonite and Artificial skin Burn skinand  Invitro [38]
modified tissue and In
montmorillonites Regeneration Vivo
Styelaclava tunics and Liquid bandage Healing of In vivo [39]
Broussonetiakazinoki surgical
bark wounds on the
skin
Diclofenac Hydrocolloidmem  Wound healing In vitro [40]
Cellulose — brane - -
Sericinand polyhexamet Bacterialcellulose ~ Woundtreatme In vivo [41]
hylenebiguanide nt and Study
with
humans
Ibuprofen Membrane Vasculogenicw  Study with  [42]
ounds in humans
diabetics
Beta-glucan Gel Wound healing  Study with  [43]
in diabetic feet humans
Isosorbidedinitrate Gel Wound in Study with  [44]
diabetics humans
Chlorhexidine, Topical gel Postoperative ~ Study with  [45]
allantoin,anddexpanthen healing by humans
ol third molar
extraction
Chitosan PDGF-BB Scaffold Wound healing In vitro [46]
Phenytoin Hydrogel Cutaneouswou In vitro [47]
nds and In
Vivo
Rosuvastatin Scaffolds Skin healing In vitro [48]
and In
Vivo
- Membrane Cutaneouswou  In vivo [49]
nds
Galactomannan  Cramoll Films Topical In vitro [22]
wounds and In
Vivo
Frutalin Hydrogelandmemb Excision In vitro [50]
ranescaffold wound repair and In
Vivo
Guargum Silver nanoparticles Nanocomposite WoundHealing  In vivo [51]
(polymericgalac
tomannan)
Human epidermal Hydrogel Skinwoundheal In vivo [52]
Heparin growth factor ing
Fibroblastgrowthfactor hydrogelfilms Cutaneouswou In vivo [53]
nds in diabetics
Hyaluronic acid  Adipose-derived stem Hydrogel Vascularizatio  Invivo [54]

cells

n for skin
wounds and
tissue
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Pectin Honey Hydrogel woundhealing  In vivo [55]
Sericin/Agarose  Lysozyme Gel Woundhealing  In vitro [56]
Xanthan and Curcumin Hydrogel woundhealing  Invivo [57]

Galactomannan

Xanthan and Multipotent Healingcutane
. mesenchymal stromal Scaffolds g In vivo [58]
Chitosan cells ouswounds

Generally, the membrane composed by polysaccharides is not-toxic, biocompatible, and
appropriate for metabolism and excretion by the physiological pathways [59]. And, the
membrane is used as a drug delivery system that drug can be chemically bound, dispersed
or dissolved in the polymer structure. The most used method for the production of
membranes is called solvent evaporation (casting) and consists of solubilizing the
polymer in a suitable solvent, pouring it onto a smooth surface and drying, in the exhaust
hood, stove with air circulation or ambient temperature, it to the formation of the
membrane [15].

Membranes composed by chitosan and alginate may be dense or porous, produced to
meet the final application. However, films based on this blend have limitations on
mechanical properties [60]. Chitosan stands out as a raw material for controlled drug
release systems due to all its characteristics that involve biodegradability and
biocompatibility, but the main highlight is the devices developed for a cutaneous
application, as it presents itself as a bioactive polymer, accelerating the wound healing
and the synthesis of collagen by fibroblasts in the initial healing phase [61].

It is expected that the controlled release of drugs from the membrane will be in an area in
continuous evolution, aiming the development of systems that allow releasing drugs in a
determined place, controlled speed, and in a specific time [18]. According to [11] the
types of agents used in the treatment of the lesion generally follows a process: removal of
residues present in the injury, retention of liquids found, promotion of heat in the wound
bed, chemical-physical protection of the region and cover, destruction of areas deaths
among others. The injured skin usually needs to be covered by a bandage to minimize the
loss of its functions.

Membranes with the incorporation of drugs are more effective in several aspects, since
improving the healing process of the skin and facilitate the treatment of the patient. Exist
various types of molecules that can be incorporated into dressings, for example, agents
antimicrobial, analgesics, anti-inflammatories, anesthetics, and anti-allergies, among
others, depending on the intended use of the dressing. Control of the release of the agent
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contained in the dressing is essential as it improves the conventional efficacy in the local
of application.

The controlled release polymeric systems represent an effective strategy for the
incorporation of drugs, and some advances in this modality are described in the literature:

(1) control of the release of the drug;

(i) reduction of toxic and sub-therapeutic doses;

(i) monitoring drug levels at the site of application;

(iv)  obtaining high drug concentrations at the wound healing and;

(v)  targeting specific

It decreases the dosage interval and reduces unwanted side effects since it uses a smaller
amount of the active principle, resulting in the lower cost [62]. The possibility of allying
the properties of base polymers, such as adhesion, to innovations and that offers
protection and control in the release process, constituting excellent strategies to increase
the bioavailability of drugs. Among the various drugs already incorporated into
membranes reported in the literature are a-tocopherol acetate [63], Curcumin [64],
propolis [65], vitamin C [66], ciprofloxacin [67].

3. Application skin drug delivery

The intention to restore the integrity of traumatized tissue, from 3500 to 2500 BC,
Egyptian topical agent test writings or cover types based on honey, grease, flax, and
various kinds of feces are written. With over the centuries, knowledge of the
pathophysiological basis of tissue repair has advanced and mobilized researchers and
industries to develop increasingly effective and appropriate dressings for each type of
wound and to accelerate or allow healing (Wu et al., 2017).

In this sense, polysaccharide-based membranes for drug administration have been a
delivery system that can effectively enable their full therapeutic benefit (Yassue-Cordeiro
et al., 2019). That is, the intended purpose of a delivery system, in the context of wound
healing, must have its bioactivity and bioavailability, preventing rapid dilution in wound
fluid and systemic uptake and distribution, as well as maintaining its release into the
wound applied site by determining a physiologically relevant rate and duration. Thus, by
achieving these goals, a successful delivery system will also minimize the dosing
frequency and application required for efficacy (Johnson et al., 2015). In this sense,
different bioactive substances have been incorporated into dressings aiming at the
prevention and control of bacterial infections, thus improving speed in the healing
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process (Rao et al., 2016, Song et al., 2018). Among many, we can mention the
incorporation of antimicrobial agents such as silver (Meng et al., 2010) and bacitracin
(Khan et al., 2015), of analgesics and antipyretics such as paracetamol (Fernandez-
Hervéas and Fell, 1998), and anti-inflammatory agents such as sodium diclofenac (Gul et
al., 2018).

The inclusion of antibiotics in dressings is of high relevance for the treatment of skin
lesions, to promote the control of infectious processes at the site of injury. These drugs
have been widely used by the pharmaceutical industry as an active ingredient in
ointments, whether or not associated with other antibiotics (Kim et al., 2017). Depending
on the solubility of these drugs in aqueous media will enable their incorporation into
natural polymer-based devices by swelling these matrices in aqueous solutions containing
the drug. Thus, the inclusion of antibiotics in membranes is very relevant, as it would
allow not only the recovery of tissues injured by the action of biopolymers but also the
growth control of undesirable microorganisms (Kumar et al., 2018)

Recently, Sequeira et al., 2019 [68] developed a nanofibrous membrane composed of
poly(vinyl alcohol) (PVA), anti-inflammatory, and antibacterial actives. The drug
delivery system was primordial for the success of wound healing because Lavanda oil
(antibacterial) showed an initial burst release, and the ibuprofen (anti-inflammatory)
released in the inflammatory phase. Also, no-toxic effect was observed in fibroblast cells,
and the antibacterial activity was relevant for gram-positive and negative bacterial strains.

Following this same line Garms et al., 2019 [69] developed a membrane using natural
rubber latex and incorporated moxifloxacin as antimicrobial active to drug delivery. It is
known that the previously used natural rubber latex improves angiogenesis and facilitate
the wound healing. The mechanical properties did not change with the incorporation of
moxifloxacin, and cell viability showed the biomaterial was biocompatibility.

The incorporation of silver nanoparticle as antimicrobial activity in the membrane is
widely published in the literature [70-72]. Among the works Tarusha et al., 2019 [73]
developed a mixture of polymers composed of alginate, hyaluronic acid, and Chitlac-
silver nanoparticles to treat chronic wound healing. The in vitro biological assays the
silver nanoparticle was sufficient to promote antibacterial activity, and the hyaluronic
acid was responsible for improving the healing. Agreeing with this, Kumar et al., 2018
[74] details that polysaccharide-based membrane systems represent a promising
alternative for the development and production of bioactive dermal dressings. And, the
complexation of natural polymers showed excellent performance when applied as dermal
dressings, presenting adequate physicochemical and biological characteristics for this
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purpose. ldeally, however, a bandage should not only protect the injury but also promote
the healing process.

4. Marketing

Naseri-Nosar et al., 2018 [75] demonstrate different forms of dressings based on
polysaccharides, as well as their combination with other natural polymers, dressings
containing metals, antibiotics, proteins, and other bioactive substances to accelerate
healing. Most of the research was based on bacterial cellulose and chitosan and lacking
those who mentioned antimicrobial activity are commercially available, as shown in
Table 2.

In this growing market for biomaterials, polysaccharides appear often due to its chemical
structure, allied to attractive properties such as none toxicity, hydrophilicity,
biocompatibility, biodegradability and can be successfully used as raw materials in
production of an extensive range of biomedical devices However, the cost is very high,
and in developing countries, the people do not have access to this kind of treatment [76].

Table 2.Examples of dressings consisting of polysaccharides commercially available.

Commercial
Polysaccharides name of Manufacturer Applications
dressing

Ulcers (diabetic, leg, and pressure)

Algicell™ Derma Sciences and wounds (traumatic and
surgical).

Alginateand ReliaMed Ulcers (pressure and legs) and skin

CMC™ wounds (deep and superficial).

Ulcers (pressure, legs, and diabetic
Algisite M™ Smith &Nephew feet), skin wounds (deep,
superficial, and surgical).

Ulcers (pressure, legs, and
diabetics), wounds (hemorrhagic
and infected), pilonidal abscess,
amputation site, and skin graft.
Ulcers (pressure, venous leg,
Biataim™ Coloplast arterial and diabetic) and wounds
caused by trauma.

Ulcers (pressure and legs), wounds
Coloplast (superficial and postoperative),
burns, and transplanted areas.
Wound (Deep, superficial and with
exudate)

Ulcers (venous, arterial, diabetic
and pressure), Wound (Deep,
superficial and with moderate to
high exudate), second-degree burns

Algosteril™ Systagenix

Alginate

Comfeel™Plu
S

Curasorb™ Kendall Healthcare

CurasorbZinc

™ Covidien/Medtronic
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and transplant areas.

Gentell™ Ulcers (leg, diabetic foot, and
CalciumAlgin | Gentell pressure), Wounds (superficial and
ate surgical) and minor burns.
Gentell ™ Infected wounds Including all
CalciumAlgin | Gentell wounds mentioned in the previous
ate Ag (Silver) section.
Ulcers (Venous, diabetic and
Kalginate™ DeRoyal pressure), Wounds (Surgical,
infected) and second-degree burns.
Ulcers (venous, arterial, diabetic
and pressure), wounds (surgical,
Kaltostat ConvaTec traumatic and superficial), first
degree burns, and transplanted
areas.
Ulcers (leg, diabetic and pressure),
Wounds (superficial, deep and
Maxorb™ 11 Medline Industries postoperative), first and second
degree burns, transplanted areas,
and graft area.
McKesson™ Wound exudate absorption, minor
CalciumAlgin | McKesson bleeding control, and filling dead

ateDressing

space in wounds.

Melgisorb™
Plus

Molnlycke Health
Care

Ulcers (arterial, venous, pressure
and diabetic), surgical wounds, and
transplanted areas.

Sorbalgon ™

Hartmann USA, inc.

For use with chronic or acute
moderate to slowly draining
wounds.

Sorbsan™

Aspen

Ulcers (in the legs - arterial or
venous, pressure and diabetic),
wounds (surgical and traumatic),
transplanted and graft areas.

Tegagen™

3M Healthcare

Dermal ulcers: venous, arterial,
diabetic and pressure ulcers;
surgical dehiscences; traumatic
wounds and abrasions; neoplastic
lesions; in deep wounds, it is used
to fill dead spaces

Tegaderm™

3M

Ulcers (arterial, venous and
diabetic), wounds (surgical and
traumatic), transplanted areas and
control of minor bleeding.

Alginate/carboxym
ethylcellulose

Maxorb
Extra™

Medline Industries

Ulcers (pressure, leg, and diabetic),
wounds (superficial, deep and post-
surgical), 1st and 2nd degree burns
and transplanted areas.

SeaSorb™
Soft

Coloplast

Wounds of moderate to high
exudation and as support in the
hemostasis of minor bleeds in
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superficial wounds are also
indicated for venous leg ulcers;
Pressure ulcers; Diabetic foot
ulcers; Skin donor areas; 2nd
degree burns with intense
exudation, and For filling wound
cavities in general

Ulcers (pressure, leg, and diabetic),
wounds (superficial and post-

™
Teggderm surgical trauma), 2nd-degree burns,
Alginate Ag 3M .
. transplanted areas, graft site and
Silver .
can be used under compression
bandage
Chitin Bleeding wounds (vascular access
(N- Syvek™ NT Marine Polymer site) and bleeding control (Patients
. Patch Tech on hemodialysis or anticoagulant
acetylglucosamine) treatment)
Chitosan HerrTw“SZonBand HemCon Ho_spltal, hemosta’glc and
age antibacterial dressing

Chronic exudative ulcers and acute
wounds: bruises, lacerations,
biopsies, and open or closed
surgical wounds.

Duoderm™ ConvaTecLtd. Skin lesions that are superficial,
dry, or slightly exudative; Post-
Pectin/carboxylmet surgical wounds; Prevention of skin
hylcellulose lesions; Pressure injuries in stages |
and II.

Ulcers (pressure and leg) Wounds
Granuflex™ ConvaTecLtd. (acute and chronic), burns,
transplant area, and skin graft.
GranugelR ConvatecLtd. Ulcers _(by pressure and in the legs)
paste and Skin sores.

Combiderm™ | ConvaTecLtd.

Conclusion

Almost all people suffer from some kind of wounds from surgery, disease like diabetes,
cuts, and burns in their life. To cover the wounded skin is attractive to protect and,
facilitate the cicatrization. Also, antimicrobial dressing is an alternative to treat the
infectious wound as active drugs (antibiotics), nanoparticles, or natural products.
However, further improvements in this type of dressings are required; suggesting the co-
administration of antibacterial agents is expected to lead to increasing therapeutic results.
Besides, dressings containing sensors and therapeutic molecules may also be produced to
perform the monitoring and treatment of an infected wound. The increasing worldwide
investments in innovative technologies and techniques, the development and discovery of
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new wound care products continues to be an essential component of scientific research to
apply in medical clinics.
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Abstract

Despite of many advantages including biocompatibility, biodegradability and nono-
toxicity, chitosan alone suffered in terms of application in pharmaceutical and biomedical
fields because of low mechanical strength and poor thermal stability. Therefore, more
attention is being given to chitosan based composites to improve above mentioned
properties and to modify its drug release potential; chitosan is being blended with other
natural or synthetic polymers or by incorporating nano-fillers to either obtain simple
composites or nanocomposites. More importantly, these composite materials based on
chitosan can be moulded into various shapes and forms such as hydrogel, films, fibers,
microspheres, nanospheres, scaffold, beads, sponges and solution to suit different
pharmaceutical and biomedical applications including drug delivery systems, tissue
engineering and wound healing, and food packaging.
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1. Introduction

A composition or composite material is one in which two or more constituent materials
having different physical or chemical properties are combined to produce a material with
properties/characterstics different from the individual components [1]. In the context of
drug delivery, polymer composites are being widely used in recent times as these material
produces properties substantially unattainable with copolymers and homopolymers. The
properties in the focuss include higher mechanical strength to withstand pressure during
use, control drug release, and temperature resistance. Presently, more attention is being
given to biopolymer based composites because of desired properties such as
biocompatibility, biodegradability and non-toxicity. Despite of advantages, biopolymers
suffered in terms of application in pharmaceutical and biomedical fields due to their low
mechanical strength and poor thermal stability [2]. To improve above mentioned
properties along with to modify drug release, blending of more than one natural polymers
or natural with synthetic polymer are performed or by incorporating nano-fillers in to
either of the polymer (s) in order to obtain either simple composites or nanocomposites
[3].

Chitosan is a well known natural polysaccharide. In recent times, chitosan has attracted
many researchers not only from academia but also from industry, particularly in
pharmaceutical field because it is safe, stable, biodegradable, biocompatible and
sterilizable. Apart from above, chitosan also offers desirable pharmaceutical qualities
such as ability to cross-link with different polymers, controlling the rate of drug release,
bioadhesion, antibacterial properties, and activation of macrophages. However, chitosan
is poorly available in nature and obtained from the cells of certain fungi. Whereas chitin,
source of chitosan, abundantly present in the cell wall of algae and fungus, and cuticles of
insects, crabs and shrimps [4]. Therefore, the main source to obtain chitosan is from the
chitin by N-deacetylation process. Chitosan is composed of two components namely: N-
acetyl D-glucosamine and 2-amino 2-deoxy-p-D-glucopyranose [5,6]. The
glycosaminoglycans is a major component of extracellular matrix of bone and other
tissues in the human body [7,8]. The functionality of chitosan is determined on the basis
of positive amino groups and negative hydroxyl groups presence [7,9]. Modification of
chitosan molecules can be carried out easily due to the presence of amino group at the C2
position of the monomer ring [10]. Despite of many advantages, chitosan alone has
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limited use due to its weak mechanical properties and uncontrolled dissolution along with
solubility issues [11,12].

Chitosan is one of such polymers which usually react with other polymers or small
molecules to transform them into composites or derivatives. This modification under mild
condition is possible due to the presence of free amino groups on the chitosan molecule.
There are several approaches described to combine chitosan with natural/synthetic
polymers to obtain desired properties including (i) electrostatic interactions, (ii) hydrogen
bonding, (iii) hydrophobic association, and (iv) using crosslinker [13,14]. More
importantly, these composite materials based on chitosan can be moulded into various
shapes and forms such as hydrogel, films, fibers, microspheres, nanospheres, scaffold,
beads, sponges and solution to suit different pharmaceutical and biomedical applications
such as drug delivery systems (DDS), tissue engineering and wound healing (Fig.1)
[15,16]. Therefore, this chapter discussed all the pharmaceutical and food packaging
aspects of chitosan composites along with drug delivery qualities of chitosan.

Microspheres/
Microparticles
5
Ronges Beads
CHITOSAN
Nanocomp Scaffolds
i COMPOSITES
Films Hydrogels
Nanospheres/
Nanoparticles

Figure 1. Chitosan based composites fabricated into various drug delivery forms.

2. Applications of chitosan composites in pharmaceutical sectors

Chitosan composites are widely being used in various pharmaceutical and biomedical
sectors including drug and gene delivery, tissue engineering, implants, contact lens,
wound healing, bioimaging and cancer therapy, and in food sectors (Fig. 2).
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Figure 2. Schematic diagram showing various applications of chitosan composites in
pharmaceutical and food sectors.

2.1  Application of chitosan composite in pharmaceutics/drug delivery

The basic concept of controlled drug delivery is to provide a precise release rates or
spatial targeting of active ingredients to specific body site. Drug release period may vary
from few hours to few months depending on DDS and their applications. In order to
achieve this, the therapeutic agent is incorporated in a suitable polymeric network that
can be single polymer or polymeric composite [17,18]. Chitosan in various forms, such as
tablets, capsules, micelles, microspheres, hydrogels, films, wafers, nanoparticles (NPs)
and composites are widely used to deliver drugs of diverse classes along with vaccines
and nucleic acids. Because of higher viscosity, high molecular weight chitosan exhibits
prolong drug release [19]. The addition of polymer or NPs to chitosan matrix to form
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composites can further sustain the drug release and thereby improves the therapeutic
efficiency and patient compliance.

2.1.1 Properties of chitosan suitable for drug delivery

2.1.1.1 Anionic properties

An ionic interaction means of controlled drug delivery can be thought of when other
mechanisms of drug release such as dissolution, diffusion or erosion are ineffective.
However, an anionic drug can only be considered for this because of cationic
characteristics of chitosan. Complex obtained from chitosan and anionic drug not only
control the release of encapsulated drug but also make the complex more stable. Stable
and significantly improved drug uptake was evident from enoxaparin and chitosan NPs
[20]. Further improvement of drug uptake was not observed when composite of chitosan
with other inorganic polymeric anions and multivalent anions such as sulfate or
tripolyphosphate are used. However, higher stability was achieved for composite of
chitosan with anionic polymer such as pectin, alginate etc. [21].

2.1.1.2 Mucoadhesive properties

Chitosan is a well known polycationic polymer due to the presence of -NH, group on its
glucosamine unit. In swollen condition, this group interacts with sialic acid component
(anionic) of the mucin chain and establishes electrostatic interaction. In addition, chitosan
also develop other non-covalent bond such as hydrogen bond with mucus layer leading to
its adherence to both soft tissues such as mucous and hard tissue such as epithelial tissue
[22]. Furthermore, trimethylation of the primary amino group and immobilization of thiol
groups of chitosan led to higher cationic character and mucoadhesive properties,
respectively [23]. Enhancement of mucoadhesive properties of chitosan enable any DDS
to adhere mucous layer, present all along the gastro-intestinal tract (GIT) and in other
body cavities, for considerable period of time resulting in the penetration enhancement
and subsequent absorption of active ingredient into systemic circulation [24,25].

2.1.1.3 Gelling properties

In hydrogel form, chitosan shows pH-dependent in situ gelling properties. In situ
formulation is one that exist in the liquid/solution form in container and but converted to
gel form on contact with body fluid (e.g. tear fluid). As a result of that contact time of the
formulation increased and subsequently, drug absorption with an increased duration of
therapeutic effect. The mechanism to trigger the transition of liquid phase to gel phase
depends on the particular polymer employed. Mainly, change in temperature, pH, ion
sensitivity or ionic strength are responsible. There was a formation of liquid state when
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chitosan is combined with polyacrylic acid at lower pH (6.8). The resulted liquid state
underwent a fast transition to viscous gel state at pH 7.4 [26]. Further improvement in in
situ gelling properties of chitosan can be carried out by modification such as thiolation.
There was an increase in viscosity of 16,500 times using 1% chitosan-ethioglycolic acid
conjugate over a period of 20 minutes [27].

2.1.1.4 Gene expression properties

Modified chitosan such as self-branched and thiolated chitosan are exhibited enhanced
gene expression property. Self-branched chitosan doubled the gene expression compared
to Lipofectamine and 5 times compared to Exgen [28]. The intra-chain disulfide bonds in
thiolated chitosan enhanced the level of stability of complex between chitosan and
plasmid NPs. In addition, plasmid was released in the target site due to the cleavage of
disulfide bond inside the reducing condition of cytoplasma [29]. Furthermore, the
PEGylated chitosan NPs, and chitosan and cyclodextrin complex are considered as
promising tool in DNA-based drug delivery [30].

2.1.1.5 Permeation enhancing properties

The cationic property of the chitosan is responsible for the permeation enhancement of
the incorporated drug. The mechanism is believed to be the interaction of positive
charges on chitosan and negative charges on cell membrane leading to structural re-
organization of tight junction related proteins [31]. It is evident from the 2-fold increase
in gancyclovir oral bioavailability when co-administered with chitosan [32]. It was
reported that the higher molecular mass and higher degree of deacetylation of chitosan
resulted in higher epithelial permeability [33].

Indomethacin, a nonsterodal anti-inflammatory drug, was encapsulated in hydrogel
microspheres formed from polyacrylamide grafted chitosan cross-linked with
glutaraldehyde (GA). The polymer chain relaxation caused the initial drug release,
whereas molecular diffusion due to full swollen polymer structure led to control release
of drug [34]. Dysregulation of iron plays an important role in the development of various
diseases such as bone, stoke, skin and muscle diseases, and neurological disorders.
Deferoxamine is the first choice for the treatment of iron dysregulation. However,
deferoxamine has limitation of short plasma half-life and poor absorption from gut wall.
Therefore, to circumvent it deferoxamine was incorporated in to poly(d,I-lactide-co-
glycolide) (PLGA) based microspheres and then loaded into chitosan and alginate based
hydrogel. This composite hydrogel showed sustained drug release compared to
microsphere alone, which attributed to the ability of hydrogel to control the drug release
after the drug is being released from microspheres inside the composite gel [35].
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Magnetic particles (Fe;sO,4) and chitosan fiber based composite NPs were developed using
cross-linkers such as sodium tripolyphosphate (TPP) and GA in order to incorporate
model protein drug bovine serum albumin (BSA). Thereafter, with poly(vinyl alcohol)
(PVA) the resulted nanocomposites were electrospun. After 30 h of release study, there
was 60% of BSA release indicating a controlled drug release profile. This is due to
magnetic properties along with fibrous networks of chitosan and PV A [36].

Tuberculosis (TB) is a serious infectious disease which mainly attacks the lungs.
Therefore, the main goal for the treatment of TB is to achieve enhanced drug
concentration in the pulmonary tissue which will improve the therapeutic efficacy of the
drug and minimize the systemic side effect [37,38]. Rifabutin, an anti-TB drug, was
incorporated in composite microspheres formed of chitosan and ethyl cellulose with
genipin as cross-linker. In vivo studies on rats did not show any significant difference in
drug release between chitosan microspheres and the genipin cross-linked microspheres
from 4 to 24 h. This was ascribed to the presence of lysozyme of airways that weakening
the genipin cross-linked microspheres. Thereafter, from 24-192 h, drug release from the
genipin crosslinked microspheres exhibited higher rate of drug release and after 24" day
rifabutin concentration in lungs was 1.54+0.23 g mL", which was higher than that of
rifabutin release from microspheres (0.68 +0.15 g mL") without genipin cross-linking
[39].

In one study, three different molecular weight grade of chitosan (low, medium and high)
were used to synthesize N-trimethyl chitosan (TMC) chloride and then, they were used to
develop nasal based hydrogel by co-formulating with glycerophosphate and polyethylene
glycol (PEG). Out of them, medium and high molecular weight TMC based hydrogel
demonstrated good water retention capacity and strong mucoadhesive potential with
relatively short sol-gel transition temperature (32.5°C). In addition, the TMC with
medium average molecular weight exhibited most promising results with favourable
rheological and mucoadhesive properties and 7 minutes of sol-gel transition time [40].

An in vivo study on chitosan oligomer and zidovudine composites was investigated. The
pharmacokinetic study demonstrated higher retention time in mice for the composites
compared to drug alone and the composites were found to accumulate in brain, kKidney,
spleen and lung following their in vivo administration. Therefore, it was concluded that
the composites can be developed into renal targeting DDS [41]. An innovative ethyl
cellulose based microspheres incorporated chitosan film was developed with an intention
to control the ciprofloxacin HCI release. In the first step, microspheres of ciprofloxacin
HCI was developed using ethyl cellulose and then dispersed in chitosan solution followed
by casting and solvent evaporation to obtained composite film. These films showed good
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compatibility between drug and film matrices due to hydrogen bonding and ionic
interactions leading to controlled release of drug [42].

Tripterine (TRI) is a herbal drug extensively used in the treatment of cancer. However, its
low bioavailability is the biggest challenge for the successful use in the clinical set up. To
circumvent TRI pharmaceutical constraint, phytosomes were developed and then coated
with protamine (PRT) layer using electrostatic assembly process. The resulted PRT-TRI
phytosomes (size of 250 nm) were efficiently incorporated into composite sponges with
chitosan and HPMC for transmucosal buccal drug delivery. PRT coated phytosomes
based composite sponges exhibited sustained release profile with superior mucoadhesive
characteristics compared to sponges contain PRT uncoated phytosomes. This was
attributed to possible interaction between PRT and chitosan. There was a 2.3-fold
increase in flux across chicken pouch mucosa and 244% higher relative bioavaiability
was observed with PRT coated tripterin sponges compared to its counterpart [43].

In one investigation, multi-responsive smart composite microspheres loaded with
indomethacin and magnetic NPs were developed using thermoresponsive polymer
poly(N-isopropylacrylamide) (PNIPAM)) and carboxymethyl chitosan (CMC) via in situ
free radical polymerization and emulsion cross-linking technique. Resulted composite
microspheres demonstrated good response to applied magnetic field. The release of
entrapped drug was increased once their solution temperature exceeded lower critical
solution temperature (LCST) (50°C) and solution pH was in basic range (pH=11.0).
Above features make the composite microspheres a potential controlled drug release
vehicle [44]. In another study, same multi-responsive composite microspheres based on
PNIPAM and chitosan was developed to deliver model drug berberine HCI in controlled
manner. The encapsulation efficiency was found to be highest (73.5%) in acidic
environment (pH = 4.0) compared to neutral (20.3%, pH = 6.9) and alkaline (15.1%, pH
= 9.2) environment. Thermo-induced swelling and shrinking of the microspheres were
observed above and below LCST of PNIPAM (32°C) indicating thermo-responsive
properties of the composite microsphers [45].

Electrospun hybrid nanofibers of model drug danshensu was prepared in two steps: (i)
chitosan coated illite particles loaded with danshensu were developed in the first step and
(i) then, these particles were dispersed into PLGA and polyuratheane (PU) solution to
finally fabricate nanofibres. These hybrid nanofibers were found to be uniform and
smooth morphology and demonstrated good biocompatibility. Particularly, these
composite nanofibers considerably decreased burst-release and showed sustained release
profile of the incorporated drug [46].
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Chitosan coated mesoporous silicon microparticles were developed for controlled
delivery of peptide and protein drugs. Mesoporpous silicon particles showed high affinity
to BSA and moderated affinity to insulin. More than 80% of the insulin was released
from the microparticles in 45 minutes, but without burst release (<20%). Coating of
microparticles with chitosan had provided two advantages; (i) sustained release of drug
for considerable period of time and (ii) enhancement of other desired features such as
mucoadhesion and permeation [47].

2.2 Chitosan composite in gene delivery

Compared to polygalactosamine-DNA complexes, chitosan-DNA complexes are more
effective in non-viral gene therapy and more importantly very easy to synthesize.
However, their use is curtailed by lower transfection efficiency and stability, and the
factors responsible are pH of the culture media, molecular weight of chitosan etc. [48-
50]. One approach to improve the efficiency is to develop polymer complexes, called as
polyplexes, through electrostatic interaction between negatively charged nucleic acid and
a polycation. Due to the formation of polyplex, primary amine group on the glucosamine
repeating unit control the charge density. This in turn depends on the pH as well as
degree of acetylation. This resulted in the successful application of chitosan in non-viral
gene delivery such as compensating defective genes by gene silencing and production of
beneficial proteins or DNA vaccines [51]. In another way, quaternization of chitosan such
as TMC improved the stability of ionic complexes with DNA [52]. In addition, the
combination of quaternization and attaching thiol group on TMC produces mucoadhesive
properties of TMC by disulfide bond formation with mucin proteins of the cell
membrane. A novel injectable system composed of chitosan and pluronic composite
hydrogel for gene therapy was successfully developed. Transfection studies on HEK293
cells demonstrated the release amount from the composite hydrogel showed higher
transfection efficiency compared to pluronic based hydrogel [53].

2.3  Chitosan composite in tissue engineering

Tissue engineering is based on the concept of combining cells or tissues, engineered
bioactive molecules/biomaterial and biochemical factors to replace, repair, or improve
biological functions of tissues or organs that are injured beyond identification [54-57].
This involves various applications including repair, replacement of whole or part of
tissues such as cartilage, blood vessels, bladder, bone, skin, muscles and nerve tissues [9].
Compared to old techniques such autografts and allografts, tissue engineering has many
advantages including better availability, no pain at graft site, without better survival rate
and lower cost [58,59]. Biopolymer, particularly chitosan and/or chitosan based
biomaterials, have became extremely popular because of their nontoxic and
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biocompatibility properties. In addition, these materials showed certain structural and
mechanical properties similar to that of damaged tissues [57]. Therefore, derivatives of
chitosan such as composite or scaffolds are utilized in cell seeding and employed in the
development of tissue analogous of different organs viz. bone, cartilage, nerve, bladder,
liver and skin tissues [60]. Furthermore, chitosan based biomaterials can be developed
into various forms such as gels, powders, films and scaffolds, which enhances their wide
usability [56].

2.3.1 Bone tissue engineering

Bone is an important part of the human body, which is made up of basically two
matrices: inorganic matrix made up of carbonated hydroxyapatite and organic matrices
composed of collagen and non-collagenous proteins [61,62]. Bone tissue engineering
involves the use of matrix with or without cells or biomaterials or a mixture of all of them
to address bone defects or the regeneration of bones. Osteoconduction is an ideal property
of chitosan in addition to biodegradability and biocompatibility for which it is widely
employed in bone tissue engineering. Biocompatibility property of chitosan minimizes
local inflammation; whereas osteoconduction provides space for the growth of the new
bone tissues, facilitates neovascularization and allows nutrient transfer to the bone tissues
[63,64]. Moreover, chitosan found to induce cell growth and enhance process of
deposition of mineral rich matrix by osteoblast cells [60]. However, drawbacks of
chitosan such as limited mechanical strength and stability issues do not allow it for use in
its native form. To surmount above limitations, chitosan blended with other polymers
have been extensively employed in tissue engineering. The proper blending of polymers
with chitosan not only improve their mechanical property but also enhance cell growth
and osteoconduction [65,66].

Numbers of studies were carried out to develop composites of calcium phosphate (CP)
with chitosan to improve its properties. In one such study, CP was embedded in porous
chitosan sponges to form 3D macroporous composite. It was observed that the nested
chitosan sponge enhanced the mechanical strength of the composite by matrix
reinforcement and able to preserve the osteoblast phenotype [67]. SEM study showed that
pore size (nearly 100 um) of chitosan sponges formed inside macroporous structure of
the composite was favourable for the bone tissue in-growth. Furthermore, the composite
exhibited good cell biocompatibility as osteoblast cells attached to composite proliferated
on its surface and migrated into the composite. Matrix reinforcement was improved by
incorporating beta-tricalcium phosphate and CP invert glasses to gentamycin-conjugated
macroporous chitosan scaffold. It was found that the initial burst release of gentamycin
sulfate was decreased to the reinforcement and sustained release was observed for greater
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than 3 weeks. In addition, osteoblast cells were grown and migrated into the scaffold
which indicated better cellular compatibility [68]. In another investigation, macroporous
scaffold having interconnected porosity of 100 mm was developed with the incorporation
of hydroxyapatite or CP glass [69]. These composites of chitosan with CP demonstrated
better clinical application in the future.

One promising material, calcium phosphate cement (CPC), is being used widely for
craniofacial and orthopeadic repairs as it hardens in situ to convert into solid
hydroxyapatite of complex cavity shapes without machining and has excellent
osteoconductivity and reabsorbable property. However, lack of porosity and low strength
of CPC curtails its wide use. Incorporation of chitosan into CPC increased its tensile
strength from 3.3 MPa to 11.9 MPa and flexural strength by 39%. The work-of-fracture
i.e. toughness of composite was found to be increased by two times compared to only
CPC. Thus, composite may be employed in the repair of stress-bearing orthopedic and
craniofacial repairs [70]. In one study, a novel biodegradable biomimetic composite with
hydroxyapatite, chitosan and gelatin was developed by phase separation method. It was
observed that highly porous scaffold (porosity of 90.6%) allowed better attachment of
osteoblasts and proliferation on its surface. In addition, the composite showed good
biomineralization after 3 weeks of study in culture medium [71].

A novel bioactive bone cement composed of hydroxyapatite, chitosan and
polymethylmethacrylate (PMMA) was synthesized. Compared to PMMA based bone
cement, the composite bone cement was more intrusive, biocompatible and
osteoconductive, and has higher porosity. Furthermore, the developed composite bone
cement did not show any cytotoxic characteristics [72]. CPC based scaffold with chitosan
(15%) and polyglactin (20%) fibers were developed for the delivery of harvested human
umbilical cord mesenchymal stem cells for bone tissue engineering. The scaffold showed
higher flexural strength of 26 MPa compared to 10 MPa for CPC alone, which improved
the resistance against fatigue and fracture. In addition, the scaffold exhibited better cell
proliferation and viability [73].

In bone tissue engineering, nano-hydroxyapatite is being widely used because of its
structural resemblance with natural bone. Mechanical properties of chitosan-based
preparations are improved with the incorporation of nano-hydroxyapatite properties [74].
In one study, a scaffold composed of freeze gelated chitosan and hydroxyapatite was
prepared and investigated for its suitability in bone tissue engineering. The scaffold of
chitosan incorporated with hydroxyapatite exhibited higher stability compared to scaffold
of chitosan alone [75]. In another study, a novel composite scaffold composed of
chitosan-gelatin with nanohydroxyapatite-montomorillonite were developed employing
freeze-drying method. Resulted composite demonstrated a decreased in swelling, porosity
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and degradation but enhanced the mechanical properties. The decrease in swelling was
due to the nano-hydroxyapatite and montmorillonite based temporary barrier formation,
which prevented the easy entry of water molecules into the composite structure. In
addition, these nanomaterials bind with —COOH or —NH, groups of gelatin molecule
which resulted in the reduction of its hydrophilicity. Furthermore, the nano-sheets of
montomorillonite reduce the interaction between water and polymers. The porosity of the
composite was decreased due to incorporation of nano-materials into it. In addition, they
reduce the degradation rate of the composite simultaneous with the enhancement of
mechanical property [76]. The incorporation of hydroxyapatite filler having titania
powder into chitosan-gelatin copolymer mixture resulted in the formation of a
biocomposite of hydroxyapatite-titania/chitosan-gelatin. The composite containing 10%
of titania exhibited better resemblance with natural bone compared to composite
containing 30% titania, whereas higher mechanical properties was observed for
composite having 30% of titania [77].

Modified chitosan, N-(2-carboxybenzyl)chitosan, was used along with various weight
percentage of titania NPs and bioglass 45S5 to form 3D macro-porous hybrid scaffolds
by freeze drying technique. The modification of chitosan and the addition of inorganic
fillers contributed to the increase in mechanical strength such as comprehensive strength
and modulus five times higher than chitosan alone. Further increase (12-fold) in
mechanical strength was observed by the addition of 2.5 wit% of bioglass to scaffold
containing 2.5wt% of titania. All the developed scaffolds were found to be bioactive,
safe, and contain interconnected pores (150-300um). Furthermore, sponge like behavior
was observed for all the scaffolds. In addition, the study on mesenchymal cells and
human embryonic kidney cell line demonstrated that these cells attach and migrate into
the scaffolds well [78]. In another investigation, biodegradable nano-composite scaffolds
composed of chitosan and gelatin along with bioactive glass ceramic NPs was developed
for alveolar bone regeneration applications. Investigation on the scaffold revealed that the
addition of NPs to the scaffold decreased their degradation and swelling behavior, while
their protein adsorption capacity was increased. In addition, nanocomposite scaffold was
deposited with higher amount of mineral and the rate of deposition further increased with
the increase in time of incubation [79].

A nanocomposite based on chitosan and carbon nanotubes (f-MWCNT) were developed
by freeze-drying technique. It was observed that nanocomposite uniformly dispersed in
chitosan matrix. Cell proliferation and cytotoxic effects of resulted nanocomposites were
studied on human osteosarcoma cell line (MG-63) employing MTT assay method. The
result showed that cell proliferation and mineralization of cells cultured on
nanocomposite were higher compared to chitosan scaffold alone [80]. Composites based
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on chitosan and B-tricalcium phosphate were developed and the resulted composite found
to show histocompatibility with mesenchymal stem cells of Beagle. In addition,
composites demonstrated higher potency in augmenting process of osteogenesis and
restoration of bone defects [81]. A novel scaffold with porous structure was developed
with hydroxyethyl chitosan and cellulose. The scaffold showed promising result on the
basis of attachment, spreading and proliferation of osteoblastic cells . Therefore, the
resulted composite was considered as a matrix for bone tissue engineering and was also
tried for cartilage engineering [82].

2.3.2 Chitosan in cartilage tissue engineering

The integration of cells, biomaterials and factors with extremely particular functions and
attributes are the basis of cartilage tissue engineering. It follows steps of cell/tissue
culture: first step involves number of cells increase and the next step involves the
induction of cells to form specific cartilaginous phenotypes. There were number of
biomaterials used successfully for this purpose, including polysaccharides viz. chitosan,
alginate, and hyaluronan, proteins (e.g. elastin, collagen, keratin and fibroin), and
polysters (e.g. poly(hydroxybutyrate) [83-89]. In the selection of biomaterials, the
important aspects should be kept in mind is its biodegradation. This implies that the
material should have the potential to be degraded by enzymes so that new tissue grow in
that place and the degradation products should not produce any inflammatory response or
immunoresponse within the newly formed tissue. Among various biomaterials, chitosan
is preferred as composite or scaffold material because of its structural similarity with
various glycosaminoglycans present in the articular cartilage [90,91]. There are many
factors to be considered in the designing of composite or scaffold for cartilage tissue
engineering including their pore structure (size, shape and distribution), elasticity, surface
energy, mobility characteristics, chemical structure, sensitivity towards environmental
factors such as pH, temperature and stress, biocompatibility and biodegradation [92,93].

A homogenous composite hydrogels based on chitosan and carrageenan was developed
using cross-linking agent epichlorohydrin. Prepared composite hydrogel exhibited higher
viability, adhesion, proliferation and differentiation of ATDC5 cells in vitro. Increase in
chitosan content in the hydrogel significantly increased the chondrogenic differentiation
of ATDCS5 cells. Thus, the composite hydrogel based on chitosan could be used as a
promising cell carrier in cartilage repair [94]. Three polymers such as chitosan, alginate
and hyaluronan based composite material with or without covalent bonding with
arginylglycylaspartic acir (RGD) associated protein in order to enhance cellular adhesion
of chitosan. In in vitro study it was observed that the cell-seeded composite demonstrated
neocartilage formation. Whereas a partial repair cartilage defects was witnessed after one
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month both in the absence and presence of RGD. These results indicated the prepared
composite has the potential for not only cartilage repair, but also cartilage generation
[95].

Silk matrix reinforced with chitosan microparticles at different ratio generate composites
having better visco-elastic matrix property which not only improved redifferentiation of
caprine chondrocytes, but also retain higher glucosaminoglycan. The latter improved the
aggregate modulus and has ability to be employed in cartilage tissue engineering [96]. In
another investigation, porous microcarriers of CMC was first prepared and then coated
with collagen nanofibers to obtain an injectable composite for cartilage tissue
engineering. The in vitro cell culture study demonstrated that chondrocytes not only
adhered, but also proliferated and differentiated on the composite microcarriers. It was
further observed that within three days post-seeding chondrocytes grew to confluence on
the microcarriers and after 7 days several confluent of macrocarriers found to attach with
each other leading to tissue like aggregates [88].

A promising injectable composite hydrogels including methacrylated glycol chitosan and
hyaluronic acid was developed by employing riboflavin and visible light as photo-cross
linking agents. By increasing the irradiation time from 40 to 600 s, not only reduced the
encapsulation of chondrocytes but also improved the compressive modulus of the
hydrogel from 11 to 17 kPa. It was also observed that the incorporation of hyaluronic
acid to chitosan improved the deposition and proliferation of cartilaginous extracellular
matrix by the incorporated chondrocytes [84]. Chitosan and alginate based novel semi-
interpenetrating polymer network (IPN) scaffold was developed by freeze-drying
technique. The resulted IPN scaffold demonstrated attachment and proliferation of
ATDC5 murine chondrogenic cells. Among various combinations of alginate and
chitosan, 50:50% (v/v) ratio exhibited promising result in terms of structural analysis and
cell-based functional screening in cartilage tissue engineering in vitro [97].

2.3.3 Chitosan in nerve tissue engineering

Mature neurons do not undergo cell division. Therefore, any nerve injuries can lead to
malfunctioning of nervous system in other parts of the body and it also complicate the
situation as healing and rehabilitation of mature neurons are difficult without proper
material [98,99]. Thus, direct regeneration of nerve fibers into proper endoneurial tubes is
the best way out. For this regeneration, there are two types of strategies employed: (i)
employing grafting and tubulization method for bridging and (ii) end-to-end nerve
stumps suturing. Between two, tubulization technique has been considered as more
efficacious, as it circumvent the stress across the neurons repair site [100]. However, the
internal surface area of an artificial tube will not be enough for the coherence between
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nerve fibers and Schwann cells [9]. Therefore, there is a need for biodegradable matrix
which can offer a cellular and molecular skeleton for neurite and Schwann cells
migration through the nerve gap. In this context, chitosan and its composites are suitable
for the regeneration of nerve because of their biocompatible and biodegradable
characteristics [101]. It has been proved that chitin and chitosan are potential materials
for improved cell adhesion and neurite outgrowth [98].

In one study, attachment, differentiation and growth of nerve cells were enhanced on the
composite based on chitosan and poly(I-lysine) compared to chitosan membrane alone.
The affinity of nerve cell towards composite material was due to the enhanced
hydrophilicity caused by the positive charges and hydroxyl groups on the chitosan [102].

A series of composite films were developed by mixing chitosan with three different
polycations such as poly(L-lysine), polyethyleneimine and poly-L-ornithine and studied
the impact of surface topography on the adhesion, proliferation and differentiation of
nerve cells on it. PC12 cell culture was used to study the above effect. It was observed
that the cells demonstrated higher level of adhesion, proliferation and differentiation on
all types of developed composite films compared to granules, particles or island surfaces
[103]. Composite films of chitosan and gelatin were developed and observed that all the
composite films exhibited higher percentage of elongation at break and lower Young’s
modulus compared to chitosan film. The enzyme linked immunosorbent assay (ELISA)
test demonstrated higher amount of fibronectin adsorption on the composite films than
that of chitosan film. In addition, the affinity of nerve cell towards the composite
materials was higher in vitro, when PC12 cell culture was used. The cell culture also
showed that the composite film composed of 60 wt% of gelatin demonstrated higher cell
differentiation and extended longer neuritis than the chitosan film. The result was
attributed to the soft and elastic complex nature of the composite material [104].

An aligned nanoscale fibrous scaffold was developed by mixing poly(3-hydroxybutyrate)
and chitosan (at 15 and 20%) in trifluoroacetic acid and then electrospinning the resulted
solution. The average diameters of the aligned scaffolds were found to be 740.3 nm and
870.74 nm for 15 and 20% of chitosan, respectively. The hydrophilicity of scaffolds were
found to be increased with the increase in chitosan concentration, and Young’s modulus
and tensile strength of aligned form scaffold were increased compared to formulations
having random nanofibers. Out of two combinations, the formulations containing 15% of
chitosan exhibited higher suitability in terms of nerve tissue regeneration [105].

Nerve conduits formed of poly-d,l-lactic acid (PDLLA), chondroitin sulfate and chitosan
were developed to study its potential to repair damaged nerve and the effect of nerve
growth factor (NGF). The NGF was immobilized on to the conduits with carbodiimide
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and then conduit was implanted in the created defect in the sciatic nerve of rats. After
three months of implantation, the nerve conduits demonstrated a promising recovery in
the disrupted nerves and it also prevents the ingrowth of connective tissue into the
conduits due to its compactness. Furthermore, the conduit has high mechanical strength
and biodegradable products were non-toxic. Thus, the prepared conduit can be used for
nerve repair in peripheral nerve defects [106].

2.3.4 Chitosan in ischemic tissue engineering

Stem cells derived from adipose tissues (SCAs) were widely used in the area of
regenerative medicine research not only because of its easy accessibility, but also due to
its ability for multi-lineage differentiation and self-renewal [107,108]. In addition, it acts
as angiogenic growth factors including hepatocyte growth factor and vascular endothelial
growth factor [109]. However, direct injection of SCAs in to myocardium for the purpose
of ischemic tissue repair and regeneration led to the cell death within 72 h of
transplantation. Therefore, the paramount importance is to select a suitable biomaterial to
maintain its angiogenic property along with its viability. Out of many natural polymers,
chitosan was found to be stand out polymer as it is capable of enhancing the SCAs cell
survival. However it lacks the required mechanical properties. This led to the
development of chitosan composite with other polymers where both mechanical property
as well as SCAs cell survival can be addressed [110,111].

Common symptoms after myocardial infraction (MI) are improper electrical impulse
transmission and abnormal conduction. This resulted in the disruption of electrical
communication between adjacent cardiomyocytes. In order to improve the
communication, carbon nanofibers were incorporated into porous chitosan scaffold. The
resulted composite bring about improved manifestation of cardiac-specific genes in
neonatal rat heart cells which are responsible for muscle contraction and electrical
coupling. The increase in cardiac tissue contraction due to incorporation of carbon
nanofibers in chitosan scaffolds was attributed to enhanced transmission of electrical
signals between the cardiac cells [112]. In another investigation, a biodegradable scaffold
of chitosan incorporated with graphene oxide gold nanosheets (GO-Au) was developed.
Addition of GO-Au resulted in increase in electrical conductivity by two fold and also
supported better cell attachment and growth without cell toxicity. In Ml induced rat,
above composite found to increase cardiac contractility and restored ventricular activity
[113]. More recently, proposed chitosan and gelatin composite based thermosensitive
hydrogels demonstrated promising results to accelerate ischemic tissue regeneration by
incorporating adipose-derived stem cells within it [109].
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2.3.5 Chitosan in liver tissue engineering

Presently, liver transplantation seems to be the best option to treat various liver disorders.
However, there are very few people that wish to donate liver for transplantation.
Therefore, it is necessary to develop bio-artificial liver which is only possible via tissue
engineering. First step in this process is to get suitable biomaterial. In this context,
chitosan can be used as a scaffold for hepatocyte culture because of its structural
semblance to glycosaminoglycans [114]. To improve the mechanical property of
chitosan, composite materials with other polymers or nanomaterials could give desired
properties.

In one such study, polymeric composites of chitosan and collagen were developed for the
regeneration of liver. These composites showed desired mechanical strength. Moreover,
hepatocyte culture and platelet deposition experiments demonstrated excellent cell and
blood compatibility. Thus, it can be concluded that above composites are promising
biomaterials for the implantable bio-artificial livers [115].

To continue with higher degree of functions pertaining to liver, a perfect extracellular
matrix for hepatocytes culture were developed with scaffold composed of oxidized
alginate cross-linked with galactosylated chitosan. Scanning electron microscopy (SEM)
analysis revealed that the resulted composites have extremely pervious surfaces (average
pore size of 50-150um) and internal average pore size of 100-250 um. The porosity of
about 70% was observed for the developed material. Further, the equilibrium swelling
and in vitro degradation rate of the scaffolds were decreased with the increase in oxidized
alginate content, whereas thermal stability slightly increased. The hepatocyte culture on
this material showed that the cells have taken typical spheroidal morphology and
presented perfect integration with multicellular aggregates [116].

A series of experiments were performed to find out the best co-culture condition of
hepatocytes in developed highly porous (150-200 mm pore size in diameter) hydrogel
scaffold composed of galactosylated chitosan and alginate as artificial extracellular
matrix. The resulted galactosylated chitosan/alginate and chitosan/alginate films
demonstrated higher cell adhesion of 72.7 and 45 %, respectively, compared to only
alginate film (28.5%). After 10 days of incubation, cell viabilities on galactosylated
chitosan/alginate sponge were found to be 81.3%, which was higher than that of alginate
film (72.7%). Hepatocytes were found to be aggregated as multicellular spheroids on the
scaffold sponges with diameter enlarged up to 100 mm in 36 hr and these hepatocytes
expressed connexin 32 and E-catherin genes connected to cell-cell adhesion. Thus, it was
concluded that the hepatocytes spheroids which were developed on the scaffold could
enhance liver specific functions and be helpful in developing a bioartificial liver [117].
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A three-dimentional water stable scaffold composed of chitosan and silk fibroin were
developed by freeze-drying technique. The resulted scaffold was observed to be water
stable i.e; swelling to only limited extent based on the composition and demonstrated
homogenous porous structure ranging from 100 to 150 um with porosity above 95%,
when the combined polymer percentage is below 6 wt%. It was also proved from the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay that the
scaffolds can promote proliferation of human heatoma cell line (HepG2) significantly
[118]. In another study, a series of composites with different ratio of chitosan and silk
fibroin (4:6, 8:6 and 16:6) were developed to support hepatocyte attachment. Out of three
combinations, the scaffold containing 4:6 ratio of chitosan to silk fibroin exhibited better
results in terms of porosity, water absorption expansion rate and consistent aperature size
(50-50 pm). In addition, the same scaffold showed significantly higher number of living
cells compared to other two compositions [119].

2.4  Chitosan composite in preparation of implants

The events such as calcification, thrombosis and bacterial growth can pose a real problem
for the functioning of implant leading to decrease in its life time and finally implant
explanation. Thrombosis occurred due to activation of coagulation cascade followed by
the adsorption of calcium, plasma protein, and platelets in less contact time between
implant and blood. Whereas, in case of longer contact time, calcification of implants
placed in breast, valves of heart and as stents, may lead to the deposition of various
calcium salts. Growth of bacteria such as Porphyromonas gingivalis and Streptococcus
mutans on the implants resulted in the accumulation of plaque [120]. One of the
successful ways to deal with above problems is to coat clinical implants with
biocompatible materials which would act as a biointerface. Chitosan among many
polymers seems to be a gifted substance for above coating purpose because of its
bicocomptibility and biodegradable characteristics [121]

In one such effort, coating material composed of Ag conjugated chitosan NPs was
developed for titanium dental implants. After extracting from natural source (A. flavus
Af09), chitosan was conjugated with Ag NPs. These coating NPs inhibited the adhesion
and growth of two main microorganisms of teeth such as S. mutans and P. gingivalis,
thereby decrease the biofilm formation. In addition, the material did not cause any
cytotoxicity as extracted from natural resources [122]. In another effort, implatable
tablets of risedronate sodium were developed with chitosan and polyvinyl chloride (PVC)
based matrices. Compared to PVC based tablet, chitosan based tablet demonstrated poor
compressibility leading to rapid disintegration of tablets. However, chitosan based tablets
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showed continuous drug release up to one week, which may be due to strong drug and
carrier interaction [123].

Nanocomposite implants based on chitosan and carbon nanotubes (CNT) incorporated
with hydroxyapatite to deliver calcium ions for peripheral nervous tissue regeneration.
Incorporation of either single walled or multiwalled CNT enhanced mechanical
characteristics of the implants. The developed implant was biocompatible as proved by in
vitro cytotoxic studies on various cell lines. Therefore, the present implants could serve
the patients suffering from peripheral nerve damages [124].

Composite implants of ciprofloxacin in the form of pellets were developed with chitosan
and bovine hydroxyapatite (30:70) as matrix forming materials and GA as cross-linking
agents. Addition of GA decreased the material crystallinity, thereby decreased
mechanical strength of implants. However, GA inhibited the burst release of the drug and
controlled the drug release profile. This was attributed to the decrease in porosity, water
absorption capacity and swelling ratio of the implants. Thus, the present implants could
be used to treat osteomyelitis for 30-days [125].

2.5  Chitosan composite in preparation of contact lenses

The anatomical and physiological restrictions of the eye have made drug delivery a
challenge into eye tissues as these restrictions does not allow correct therapeutic
concentration of drug to reach the desired site of action. Therefore, there are many dosage
forms including liquid (eg. eye drops), semisolids (eg. gel, ointment) and solids (eg.
inserts) have been recommended by clinical practitioners. In addition, vesicular systems
including liposomes, niosomes etc. and polymeric and lipid NPs are also being widely
used to treat eye ailments. Among all, therapeutic contact lenses seems to be very
attractive DDS as these are designed such that it will cling to the eye surface due to
surface tension without creating much discomfort to the patient [126]. However, these
drug delivery devices suffer due to burst release at initial stage and thereafter drug release
at subtherapeutic level. To tackle above problem and release the incorporated drug in a
controlled manner, polymeric composite films of natural polymers including chitosan can
be a better option as drug delivery contact lens device [124].

In one study, series of composite films were developed using chitosan and gelatin by
solvent evaporation technique. The resulted contact lens demonstrated higher oxygen
permeability, transparent, flexible and biocompatible. Moreover, the gelatin in the lenses
improved the water absorption and enhances solute and oxygen permeability across the
lens [127].
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2.6  Chitosan composite in wound healing

The procedure of wound healing in living organism involves the combined action of cell
and matrix components. It is the combination of wound regeneration and restoration of
tissue integrity. It has three overlapping phases such as inflammatory, proliferative and
remodeling phases [128]. However, the healing stops after the inflammatory phase. It
does not proceed normally that leads to accumulation of inflammatory mediators,
macrophages and neutrophils. This lack of healing can result into complex secondary
microbial infections. Therefore, initial step to forment wound healing is to cover the
wound with appropriate innocuous dressing material having semi-permeable nature in
order to safeguard the wound from exterior mechanical and microbial burden. In addition,
it maintains moist environment in the wound area to stimulate initiation of healing
process [129].

Among various biopolymers, chitosan and its derivatives continued to be first choice in
wound healing treatment. This is due to their structural resemblance to essential wound
rebuilding molecule glycosaminoglycans present as a constituent in the extracellular
matrix. It promotes the activity of macrophages, fibroblasts, polymorphonuclear
leukocytes and antibacterial activity [130,131]. In addition, they swell through liquid
uptake resulting into a sticky matrix that seals the wound and controls bleeding (Fig. 3).
Furthermore, the biodegradation product N-acetyl-p-D-glucosamine leading to the
stimulation of fibroblast proliferation, deposition of collagen along with hyaluronic acid
synthesis at the wound area [132]. The positive charge on the chitosan attracts the
negatively charged red blood cell which resulted in the rapid clot formation above the
wound.

Wound dressing made
from chitosan composite

\

Skin surface

[~

=
— e = - — T

Blood vessel

—

Figure 3. A schematic diagram representing the functioning of chitosan composite based
wound dressing. Chitosan composite dressing works in two ways: (i) it absorbs fluid from
blood after being placed on the wound site, which led to the sealing of wound and
controls the bleeding and (ii) Negatively charged red blood cells are attracted by
positively charged chitosan leading to formation of clot over the wound.
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There were numerous studies reporting the use of chitosan based nanocomposite in the
treatment of wound healing in various forms including scaffolds, sponges, hydrogels,
films/membranes, and NPs.

2.6.1 Scaffold

A chitin hydrogel scaffold containing well dispersed Ag NPs was prepared to heal the
wound. The resulted composite scaffolds exhibited antibactericidal activity against
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). With good blood
clotting potential, these composite scaffolds demonstrated good cell surface adhesion
when epithelial cells (Vero cells) were used [133]. In another study, scaffolds composed
of chitin and Ag NPs was developed for wound healing applications. These scaffolds
exhibited superb antibacterial potential against S. aureus and E. coli. Additionally,
scaffolds demonstrated better blood clotting characteristics [134].

2.6.2 Sponges

Sponges are nothing but foams with open porosity. It is defined as dispersion of gas
(basically air) into a solid structure/matrix to obtain a solid porous with soft and flexible
properties [135,136]. The latter properties along with higher adhesive time, higher
capacity to soak up wound exudates (more than 20 times of their dry weight) made them
one of the better choices for the wound healing applications [137].

Promising composite sponges composed of cross-linked succinyl pullulan-CMC were
successfully developed for wound healing applications. Resulted sponges exhibited
desired water vapour transmission rate and absorb much liquid exudates due to high
porosity. In addition, these composites showed no sign of cytotoxicity or hemolytic
potential. Furthermore, histological examination indicated that above sponges hastened
proliferation of fibroblast along with epithelial migration. In vivo studies on the back of
ICR mice exhibited the effectiveness of sponges in healing full layer wound of skin
defects [138].

2.6.3 Hydrogels

In one study, a flexible and microporous composite hydrogel composed of chitosan and
nano zinc oxide was developed. Usually, chitosan does not exhibit its highest
antibacterial potential. However, its activity can be augmented by incorporating an
antibacterial agent in the form of nano zinc oxide. The resulted hydrogel exhibited higher
degree of antibacterial activity and healing potential without causing cell toxicity. In vitro
cytocompatibility studies demonstrated higher degree of cell viability and infiltration
[139]. In another study, Ag NPs as effective antibacterial agent was incorporated into
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gelatin and CMC hydrogels. Above hydrogel was prepared by radiation induced
reduction followed by cross-linking at ambient temperature. Resulted hydrogel proved its
antibacterial potential against E. coli and hydrogel containing 10 mM NP-Ag prevented
greater than 99% of its growth. This result implied that the present hydrogel may be used
for anti-inflammation wound dressing [140].

Natural product such as curcumin, obtained from the rhizomes of Curcuma longa, has
shown its potential in enhancing wound repair and healing in diabetic patient. When
nano-curcumin was incorporated in CMC and oxidized alginate hydrogel, it released
from the gel in controlled manner and stimulated the simultaneous fibroblast
proliferation, capillary formation and collagen production leading to rapid healing of
wound [141]. In another study, a novel injectable hydrogel composed of chitosan and
alginate loaded with nano-curcumin was developed. The release of nano-curcumin from
the resulted composite gel significantly enhanced the process of re-epithelialization of
epidermis and collagen deposition in the tissues having wounds. The resulted effect had
led to almost complete wound closure after 14 days of treatment [142].

Based on the types of wounds and application of wound dressings, various kinds of anti-
bacterial agents can be incorporated into hydrogel used for wound healing. Hydrogel of
minocycline was developed with chitosan and PVA by freeze-thaw method. Among
various compositions, the hydrogel containing 0.75% of chitosan, 5% of PVA and 0.25%
of minocycline demonstrated suitable elastic, flexible and swellable qualities compared to
PVA gel alone. This was due to comparatively weak cross-linking interaction between
PVA and chitosan. Furthermore, histological investigation in wound induced rats showed
huge collagen proliferations, microvessels and reduction in inflammatory cells, which
resulted in efficient wound healing [143]. Another anti-bacterial agent, tigecycline,
loaded (in the form of NPs) into hydrogel composed of chitosan and platelet rich plasma.
The resulted hydrogel can effectively deliver the loaded tigecycline and demonstrated
significant antibacterial activity against S. aureus [144].

2.6.4 Films

Composite films of chitosan are also being used for wound healing purpose. These are
considered as medicated adhesive system which is capable of delivering required
concentration of incorporated drugs to the desired site [145,146]. To be successful as
drug delivery device, an ideal film should possess two important attributes namely
adhesive and mechanical properties. A composite film of ciprofloxacin was prepared with
thiolated chitosan and PNIPAM for wound dressing purpose. It was observed that thiol
group on the chitosan enhanced its adhesion property and the mechanical property was
found to be suitable for wound and burn dressing. The resulted film also exhibited
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cytocompatibility and released the drug in controlled rate for greater than 48 hr, which
proved its anti-bacterial potential [147]. Composite films as dressing materials were
developed with chitosan, poly (N-vinylpyrrolidone) (PVP) and titanium dioxide (TiO,)
and tested for their wound healing capability. The resulted composite film showed
excellent antimicrobial efficacy against many microorganisms and biocompatibility
against fibroblast cells (NIH3T3 and L929) in vitro. It further indicated accelerated
healing of open excision type of wounds in albino rats, compared to soframycin skin
ointment, conventional gauze and chitosan treated groups. Furthermore, the addition of
TiO, based NPs enhanced mechanical properties of the composite film [148].

2.7 Application of chitosan composite in bioimaging

Drugs induced biochemical phenomena in cells are visualized and investigated
employing important diagnostic tool such as bioimaging [56]. Biocompatible and
biodegradable attributes of chitosan and its composites enable their application in various
biomedical applications. In addition, chitosan composites as a new class of biomaterials
which has potential for use in biomedical imaging with advanced applications due to their
better physiochemical, mechanical and functional properties [149]. Bioimaging
application is one of them where imaging agents such as Fe3O,, fluorescent materials
were incorporated into chitosan or chitosan composites.

In one such investigation Fe;O, as imaging material encapsulated into novel self-
assembled NPs consisting of chitosan and linoleic acid conjugates for magnetic
resonance imaging (MRI). There was a tremendous increase in in vivo molecular imaging
of Fe;0O,4 due to its encapsulation in NPs. These composite NPs were used for hepatocyte
targeted imaging [150]. In another study, CMC coated superparamagnetic iron oxide was
developed for the visualization of human mesenchymal stem cells employing MRI. The
solubility of chitosan in agueous medium was enhanced by carboxymethylation, which
led to better dispersion of coated particles. This resulted in higher labeling efficiency with
identification of low numbers of labeled cells. In comparison to unlabelled cells in
agarose medium, the labeled cells showed better visualization in the form of tiny distinct
punctuate signal [151]. Chitosan composite can also be used in targeted drug delivery in
combination with bioimaging. Fluorescent chitosan quantum dot composites were
developed for targeted drug and gene delivery with simultaneous application of optical
imaging [152,153].

2.8  Chitosan composite in cancer chemotherapy

Hydrophobically modified glycol chitosan (HGC) was prepared by conjugating it with
5B-cholanic acid employing 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and then
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aniticancer drug paclitaxel was loaded into it by dialysis method. The resulted self-
assembled NPs have the diameter of 400 nm and were found to be stable in phosphate
buffer saline for 10 days. These NPs exhibited sustained drug release where 80% of
loaded paclitaxel was released in 8 days at body temperature. Furthermore, the NPs were
found to be less toxic to B16F10 melanoma cells compared to free paclitaxel prepared in
cremophor EL injection [154,155]. In another study, glycol chitosan was conjugated with
hydrophobic cholanic acid to form HGC. The resulted HGC converted into self-
aggregates of nano-size in aqueous medium and then employed as carrier for cisplatin to
treat cancers. The cisplatin loaded NPs of mean diameter about 300-500 nm and
demonstrated sustained release of loaded cisplatin for a week. In addition, these NPs
were less toxic than was free cisplatin, which may be due to sustained release of cisplatin
from the NPs. Furthermore, the resulted NPs exhibited higher anti-tumour efficacy due to
their higher accumulation in the tumour tissues, when tested in tumour bearing mice.
Therefore, it was concluded that the developed NPs have promising ability to carry and
release the loaded drug in target tissues [156].

Doxurubicin (DOX) is one of the widely used anticancer drugs. To counter its
undesirable cardiotoxic effects, DOX was conjugated with dextran and then encapsulated
in chitosan based hydrogel NPs. The resulted NPs of size 100 nm favours enhanced
permeability and retention effect (EPR) as shown by majority of the solid tumours. These
NPs demonstrated tumour regression and enhanced survival time compared to free drug
as well as drug conjugate in antitumour study on mice. In addition, encapsulation of drug
conjugates in chitosan NPs not only was able to reduce side effects, but also enhanced its
therapeutic efficacy in the treatment of solid tumours [157]. In another study, DOX
conjugated glycol-chitosan (GC-DOX) and fluorescein isothiocyanate (FITC) conjugated
chitosan were developed to target tumor in vivo. Both the NPs were prepared by self-
aggregation in aqueous media and the observed size of the resulted GC-DOX was 250-
300 nm with loading content and loading efficiency were 38% and 97%, respectively. In
the first step of in vivo study, FITC-GC NPs were injected into the tail vein of the
tumour-induced rats and studied its distribution for 8 days. Thereafter, GC-DOX NPs
were injected in to the tail vein of rats and their antitumour effect was investigated. It was
observed that FITC-GC NPs were distributed in organs such as kidney, tumour tissues
and liver and the level of distribution was maintained at a high level for 8 days with the
increase in distribution in tumour tissues. This was attributed to EPR effect. The GC-
DOX was able to suppress the tumour over 10 days [158].

Folate receptors are found in large numbers in retinoblastoma cells. Therefore, to reduce
side effects and increase site specific drug delivery, DOX loaded chitosan NPs were
conjugated with folic acid. The efficacy of the resulted conjugated DOX NPs on Y-79
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retinoblast cells was investigated by MTT assay. The result showed that the conjugated
NPs exhibited superior toxicity than the unconjugated NPs and native DOX. This may be
due to higher (30%) intracellular uptake of conjugated NPs compared to 13.24% and
5.01% for unconjugated NPs and native DOX, respectively. The mechanism indicated
that mitochondrial pathway was activated and the conjugated NPs were most effective in
releasing cytochrome-C along with the activation of downstream caspases to help in the
process of apoptosis. This resulted in a sustained and targeted delivery of DOX in tumour
tissues [159]. Similarly, another conjugate composed of chitosan oligosaccharide and
arachidic acid was successfully developed and used for the preparation of self-assembled
NPs of DOX. The prepared NPs showed spherical shape with average diameter of 130
nm and positive surface charge. These NPs demonstrated sustained and pH dependent
drug release profiles. In addition, the cellular uptake of DOX in FaDu cells (human head
and neck cancerous cells) and anti-tumor efficacy in FaDu tumour xenografted mouse
model of conjugated NPs-treated group were found to be higher compared to DOX
treated group [160]. Table 1 presented different applications of chitosan composites with
formulation types, composite materials with incorporated drugs.

Table 1. Various applications of chitosan composites with types of formulations,
composite materials with incorporated drugs.

Types of formulation | Composite material (Excluding Drug References
chitosan)

Chitosan composite in pharmaceutics/drug delivery

Hydrogel Polyacrylamide Indomethacin [34]

microspheres

Microspheres Poly(d,I-lactide-co-glycolide) Deferoxamine [35]
(PLGA)

Composite Poly (vinyl alcohol) (PVA) and Bovine serum [36]

nanoparticles Magnetic particles (Fe304) albumin (BSA)

Composite Ethyl cellulose Rifabutin [39]

microspheres

Chitosan film Ethyl cellulose Ciprofloxacin HCI | [42]

incorporated with release

Microspheres

Composite sponges HPMC Tripterine [43]

Composite Poly(N-isopropylacrylamide) Indomethacin [44]

microspheres (PNIPAM)) and Magnetic particles

Composite PNIPAM Berberine HCI [45]

microspheres

Composite PLGA and polyuratheane (PU) Danshensu [46]

nanofibers

Composite Silicon particles BSA & Insulin [47]

microparticles
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Chitosan composite in gene delivery
composite hydrogel | Pluronic | Gene therapy | [53]
Chitosan composite in tissue enginerring
Sponges Beta-tricalcium phosphate and CP | Gentamycin [68]
Scaffold Hydroxyapatite or CP glass [69]
Scaffold Hydroxyapatite and gelatin [71]
Composite bone Hydroxyapatite and [72]
cement polymethylmethacrylate (PMMA)
Scaffold Polyglactin fibers and CPC Mesenchymal stem | [73]
cells obtained from
human umbilical
cord
Biocomposite Hydroxyapatite, titania powder and | -------- [77]
gelatin
3D hybrid scaffolds | N-(2-carboxybenzyl)chitosan and | ------- [78]
with micro-porous Titania nanoparticles and bioglass
structure 4555
Nano-composite Gelatin and bioactive glass ceramic | -------- [79]
scaffold nanoparticles
Nanocomposite Carbon nanotubes (F-MWCNT) | ------- [80]
Scaffold Hydroxyethyl chitosanand | ------- [82]
cellulose
Injectable composite | Methacrylated glycol chitosan and | Riboflavin [84]
hydrogels hyaluronic acid
Injectable composite | carboxymethyl chitosan (CMC) | ----- [88]
and collagen nanofibers
Composite hydrogel | Carrageenan | —----- [94]
Composite matrix Alginate and hyaluronan | ------- [95]
Composite Silk matrix [96]
microparticles
Semi- Alginate | - [97]
interpenetrating
polymer network
(IPN) scaffold
Composite Poly(l-lysine) [102]
membrane
Composite poly(L-lysine), polyethyleneimine | ----
membrane and poly-L-ornithine
Composite films Gelatin ] e [104]
Nano fibrous Poly(3-hydroxybutyrate) | ----- [105]
scaffold
Nerve conduits PDLLA and chondroitin sulfate | ----- [106]
Thermosensitive Gelatin Adipose-derived [109]
hydrogels stem cells
Scaffold Carbon nanofibers | -=-e- [112]
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Scaffold Graphene oxide gold nanosheets | ----- [113]
(GO-Au)
Polymeric Collagen | - [115]
composites
Scaffold Galatosylated chitosanand | ------ [116]
oxidized alginate
Sponge Galactosylated chitosanand | ------ [117]
alginate
Scaffold Silk fiboroin ] e [118]
Scaffold Silk fibroin ] e [119]
Chitosan composite in preparation of implants
Implant Ag-NPs ] - [122]
Implatable tablets Polyvinyl chloride (PVC) Risedronate sodium | [123]
Nanocomposite Carbon nanotubes (CNT) and | ------- [124]
implants hydroxyapatite
Implatable pellets Bovine hydroxyapatite Ciprofloxacin [125]
Chitosan composite in the preparation of contact lenses
Composite films | Gelatin | e | [127]
Chitosan composite in wound healing
Hydrogel scaffold Ag nanoparticles [134]
Scaffold Ag nanoparticles [135]
Composite sponges | Succinyl pullulan-carboxymethyl | ----- [138]
chitosan
Composite hydrogel | Zinc oxide NPs [139]
Composite hydrogel | CMC and gelatin [140]
Composite hydrogel | N, O-CMC and oxidized alginate Curcumin [141]
Injectable hydrogel Alginate Nano-curcumin [142]
Hydrogel PVA Minocycline [143]
Nano-hydrogel Platelet rich plasma Tigecycline [144]
Composite film Thiolated chitosan and poly (N- Ciprofloxacin [147]
isopropyl acrylamide)
Composite film PVPand TIO, |- [148]
Chitosan composite in bioimaging
Self-assembled Fe;0g4 Linoleic acid [150]
nanoparticles
Coated Particles CMC and superparamagnetic iron | ---- [151]
oxide
Chitosan composite in cancer chemotherapy
Self-assembled Glycol chitosan (HGC) and 5p- Paclitaxel [154,155]
nanoparticles cholanic acid employing 1-ethyl-3-
(3-dimethylaminopropyl)-
carbodiimide
Nano-size self- Glycol chitosan and cholanic acid | Cisplatin [156]
aggregates
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Hydrogel Dextran Doxurubicin [157]
nanoparticles
Conjugated Glycol-chitosan (GC-DOX) and Doxurubicin [158]
nanoparticles fluorescein isothiocyanate (FITC)

Self-assembled Chitosan oligosaccharide and Doxurubicin [160]
nanoparticles arachidic acid

3. Applications of chitosan composites in food sectors

Biodegradable materials based active food packaging is the need of the hour in order to
fulfil the demand of consumers towards food safety and environment related issues. In
this context, some of the carbohydrate polymers including chitosan, starch, cellulose
derivatives and pectins are widely used as packaging material not only to provide
biodegradable but also to inculcate edible property [161]. Among the above biopolymers,
chitosan is an exciting and promising one due to its additional property such as
antimicrobial and antioxidant properties which increase the shelf-life of packaged food
and its film forming ability [162]. However, application of pure chitosan film suffers due
to brittleness and limited antioxidant and antimicrobial properties. Therefore, to improve
mechanical and biological properties of chitosan film it is essential to incorporate another
antioxidant and/or antimicrobial ingredient into it [163]. Among different kinds of natural
products, phenolic compounds are widely available in nature because of their biological
activities such as antioxidant, antimicrobial anti-inflammatory, anti-diabetic, and
anticancer [164]. The antioxidant properties of the polyphenols are due to their metal
chelating property, inhibition of lipooxygenase activity and free radical scavenging
properties [165].

The influence of phenolic extract obtained from seedcake of Lepidium sativum (LSE) on
the structural, mechanical and functional attributes of chitosan film was investigated. The
resulted composite films demonstrated structural modification, which was confirmed by
Fourier-transform infrared spectroscopy (FTIR) study. However, the film surface was
observed to be smooth and homogenous. Incorporation of 5% v/v of LSE resulted in the
improvement of tensile strength of 32.2% and elongation of 109% of the chitosan film in
contrast to tannic acid as reference. This is attributed to the decrease in free space which
hinders the molecular movement within the developed film. The resulted film
demonstrated adequate release of phenolic compound in dose and time dependent way.
The antioxidant activity of the resulted film in terms of free radical scavenging activity
(2,2-diphenyl-1-picrylhydrazyl, DPPH) and frerric reducing ability power (FRAP)
activity followed the same pattern in both aqueous and fatty food stimulants. It was
concluded that LSE could be used in the development of novel bioactive and
biodegradable composite food packaging film for food preservation with chitosan [166].
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By incorporating extract of sweat potato (Ipomoea batatas L.) into the chitosan matrix an
intelligent pH-sensing films with antioxidant property were developed. With the increase
in extract amount, properties of films such as antioxidant, thermal stability, light blocking
attributes and pH sensing ability were increased. However, the films exhibited a decrease
in water vapour barrier property and tensile strength with increase in extract content in
the films. Microscopic observation showed prepared films are free from non-
homogeneity and FTIR study confirmed that the presence of intermolecular intractions
between constituents of extract and chitosan matrix. The resulted film with 10 wt% of
extract exhibited highest free radical scavenging properties in time dependent manner.
Additionally, the films based on chitosan and extract showed distinct colour changes
along with the pH change. Consequently, the resulted film could be an excellent
packaging material to prolong the self-life and to observe the quality of food products
[167].

Novel packaging films were developed with the inclusion of protocatechuic acid (PA) in
chitosan matrix and the resulted films were studied for various properties such as
physical, mechanical, structural and antioxidant. The above attributes of the chitosan-PA
based films intimately related with the content of PA in the film. The lower amount
(<1%) of PA had increased the tensile strength and reduces water vapour permeability
due to reduction in free space and molecular movement within film. However, higher
content of PA (>1.5%) lessen the homogeneity and raising the crystallinity potential of
film resulting in higher free volume and molecular movement within the film. Therefore,
above composite films were capable of releasing phenolic compounds leading to
antioxidant potential for aqueous and fatty food materials. Furthermore, films having
either 0.5% or 1% of PA are considered for the preparation of final active packaging
material for food preservation [168]. In another study, PA was grafted into chitosan
matrix film at different ratios and then characterized for physiochemical, mechanical and
antioxidant properties. The resulted films were found to be transparent and the thickness
was ranging from 44.1 to 48.6 mm. The film showed increased water solubility and
tensile strength. However, moisture content and water vapour permeability were found to
be reduced. Antioxidant activity study using DPPH radical method demonstrated that the
resulted composite film had both time-dependent and dose-dependent radical scavenging
activity and the composite films could be used as novel antioxidant film for food packing
material [169].

Mango leaf extract (1-5%) was incorporated into chitosan films and studied for its effect
on morphology, mechanical property, moisture and oxygen permeability, and antioxidant
property. The composite films were found to be compact, smooth and dense nature. With
the inclusion of extract resulted in lower water vapour and oxygen permeability. The
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tensile strength was found to be higher whereas elongation at break showed a reduction
compared to chitosan film alone. Antioxidant studies in terms of DPPH radical
scavenging, total phenolic content and ferric reducing power demonstrated increased
antioxidant activity with the incremental amounts of extract inclusion in the chitosan
matrix. In addition, mango leaf extract inclusion in the chitosan matrix preserved the
cashew nuts with 56% higher oxidation resistance for the 5% extract containing film
compared to commercial polyamide and polyethylene film [170]. Chitosan film
incorporated with apple peel polyphenol demonstrated improved various physical
attributes of the film. However, water vapour permeability and moisture content were
observed to be decreased. In addition, tensile strength and elongation at break of the
composite film were significantly lower than those of the film containing chitosan alone.
Moreover, the antioxidant and antimicrobial ability of the composite film were
remarkably enhanced and composite film containing 0.5% of apple peel polyphenol
showed better properties in terms of above parameters [171].

Composite films of chitosan and starch blended with polyphenol obtained from thyme
extract were developed and the release of polyphenol from the composite films was
studied in different media. The release study in aqueous medium showed that the release
rate of polyphenol was less compared to starch film. The above result was due to strong
interaction between chitosan and polyphenol. However, higher polyphenol release was
observed in acidic medium which is due to higher solubility of chitosan in the medium.
The incorporation of tannic acid into the composite films enhanced the cross-linking
process leading to delay in polyphenol release. Finally, it was concluded that the
polyphenol-chitosan matrix interactions significantly influenced the polyphenol release
and subsequently the antioxidant activity of the composite films [172].

Conclusions

This chapter discusses various applications of chitosan composites in pharmaceutical and
food packaging sectors. Chitosan is an excellent biopolymer having desired
pharmaceutical attributes such as mucoadhesive, biodegradability, biocompatibility, and
swelling. Therefore, it is being widely used in delivering the drugs of diverse classes. In
spite of all, chitosan has limitations including low aqueous solubility, poor mechanical
strength and thermal instability. The most effective way to dealt with this is to transform
chitosan into composites. This conversation is viable because of the existence of
ammonia and hydroxyl groups on chitosan structure. This led to the use of chitosan
composites not only in pharmaceutical but also in biomedical and food sectors. So far, no
data is available on toxicological aspects of chitosan composites. Therefore, pre-clinical
investigation on chitosan as well as on its derivatives would establish its safety profile.
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Abstract

Although traditional food packaging has contributed to the early development of the
distribution system, this is not sufficient to meet new consumer requirements. The
application of nanocellulose in packaging and coatings promises to open up new
possibilities to improve not only the properties of the packaging, but also the efficiency,
contributing to the preservation of fresh food by extending its shelf life and reducing
environmental waste. The main objective of this chapter is to present the scientific
information of relevance regarding nanocellulose and the development of composites
applied to the food packaging sector.
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1. Introduction

All humans need to ingest nutrients to survive. This ingestion is made through substances
whether processed, semi-processed or raw, including beverages, chewing gum and any
other products that are used in the manufacture or preparation known as food [1]. Foods
can be of animal or vegetable origin, and both contain nutrients essential to humans,
being carbohydrates, fats, proteins, vitamins, etc. [2]. However, although there are only
two sources, other types of food can be prepared, and these are called processed food and

functional food [3,4].

Linked to the increase in world population is the increase in demand for food, which
certainly requires some form of preserving this food. For sustainable food system,
maintenance of its quality and improved safety are the important factors whereby
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postharvest losses can be reduced [5]. If these are not taken care of, there would be high
losses in postharvest leading to large amount of wastage of food, which would become a
great problem to the food industry all over the world. For example, it is reported that
annual wastage of about 1.3 billion tons of food in production, distribution and at homes
[6], while about 33% purchased food by some organizations and houses in some of the
developed countries such as Britain, Sweden and USA is wasted [7]. It is also reported
that such loss and wastage of food would lead to insecurity of food all over the world
besides a wide range of socio-economic, climatic and environmental factors [5]. There
are also environmental benefits by the reduction of losses and wastage of food, which is
underlined by the fact that emission of about 4.2 tons of CO, per one tons of waste food
[6].

To take care of the above mentioned losses and wastage of food even in transport for
short distances or to keep the food for later use, even in olden days people used to take
care of the safety of food using either leaves from plants, containers made of wood or
mud and even animal skin as packaging materials [8]. With the progress of time,
technology of processing of food and its packaging has gone through significant changes.
In the case of packaging, it has gone from simple and important function of containers
and protection from 3 major external factors (physical, chemical and biological) to take
care of a key marketing role through development of shelf appeal, providing product
information, and establishing brand image and awareness besides conferring convenience
to handle the food [9-14], whereby it can be consumed within the useful life of the food
[15]. By the functions of preserver and protector, packaging helps in increasing the shelf
life of the food, whereby it plays an important role in reducing wastage of food from the
field or location of its preparation till its use [16].

It can be said that the packaging acts also as an information medium for producers of the
food and its distributors through printing on it about name of the product, identification
of its producers and date of manufacture and storage along with expiration date for its
consumption, quantity of its content, nutritional information and home storage,
preparation and instructions for its use, etc. [9,10]. Other additional information normally
given on the packages include ease of opening the package, possibility of
heating/cooking and serving of the food in the package itself, possibility of use in
microwave ovens to heat the food before consumption and its suitability for different
occasions of consumption [9].

In addition, the beneficial effects of processing, extension of shelf-life, and maintenance
or increasing the quality and safety of food are attractive factors. All the above in turn has
led to use of new packaging materials, new methods of manufacturing of these packaging
materials, etc. It may be said that enhanced interest of development of packaging
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technology has been due to new demands on packaging, which in turn are due to newer
innovations in food processing. It is reported that use of food packaging has led to
increased spending by all strata of the society thus becoming a socioeconomic indicator
of the population [17].

It is well known that most marketed foods are packed suggesting that packaging plays a
key role in the food industry because of its multiple functions [9-11] as container,
preserver, protector, informer besides conferring convenience to handle the food [12,13].
By the functions of preserver and protector, packaging helps in increasing the shelf life of
the food, whereby it plays important role in reducing wastage of food from the field or
location of its preparation till its use [16]. These developments have followed recent
advances in biotechnology, nanotechnology and material science, which open up new
possibilities for developing food packaging materials by the involvement of researchers
in material science, food chemistry and technology and microbiology in the fields of food
packaging and shelf-life.

From the foregoing it becomes evident that through various functions of packaging which
include the safety of both fresh and processed food to the whole range of food supply
chain till it reaches the final user, packaging plays an important role in both the food
industry as well as in modern consumer marketing.

It is well known now that nanotechnology is one branch of technology, which deals with
dimensions and tolerances lying between 1 to 100 nanometers (nm). Nanomaterial is one
of the recent developments in the area of materials. These are produced from various
resources of which biomass-based resources seem to be more attractive in view of
abundant availability, low cost and environmentally friendly. Of these, biomass-based
materials, cellulose is more fascinating and thus an attractive material to produce
nanomaterials, knowing that it is almost inexhaustible sustainable material having
remarkable properties for possible applications in several materials. Nano materials
produced based on natural cellulose (these are from lignocellulosic biomass, bacteria and
invertebrate sea creatures) are called ‘nanocellulose’, which commonly refers to three
types of nano materials, viz, cellulose nanocrystals (CNCs), nanofibrils of cellulose
(NFCs) and bacteria nanocellulose (BNC). These nanocelluloses exhibit exceptional and
excellent physical, mechanical, electrical, and biological properties, besides being
biocompatible, biodegradable, and possessing low cytotoxicity. In view of these, it is no
wonder that these nanomaterials are more sought-after candidates in many potential
applications in many areas of science and technology particularly as sustainable materials
in the gamut of various industries. Food industry has not lagged behind in this new
technology and use of nanotechnology in this industry has been projected to increase
multifold in the coming years.
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Considering the above-mentioned points on the food industry particularly in respect of
packaging and use of nanotechnology in this, this Chapter presents various types or
categories of packaging, the materials used for the production of these packaging with
emphasis on nanocellulose in food packaging presenting the benefits of using the most
different types of nanocelluloses in this segment.

2.  Categories of packaging

There are three types of packaging, viz., primary, secondary and tertiary. Primary
packaging is the term used to designate the packaging layer in direct contact with the
product, normally responsible for the storage and preservation of this product [9,18,19],
such as bottles and beverage cans. When used in food, these packings should be made
from inert and non-toxic materials and therefore should not cause any changes in food,
such as changes in color and taste [18].

Secondary packaging is that when the packaging contains one or more primary packaging
[19], which is usually responsible for the physical-mechanical protection of food during
its distribution [9,18]. Secondary packaging is also used to prevent the primary from
getting dirty or contaminated [18] and is often responsible for the communication, being
the information support, especially in cases where it contains only a primary packaging
[9]. An example of secondary packaging is the plastic rings holding a set of cans or the

carton containing cans.
" —— Primary packaging

E —— Secundary packaging

» Tertiary packaging

Figure 1. Graphical representation of the packaging systemwith primary, secondary and
tertiary packaging.

Finally, the tertiary packaging is the one that groups many primary or secondary
packaging for transport [9,19], also called "distribution package", to protect the product
during distribution and to help in efficient handling [18]. A corrugated box is the most
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common form of tertiary package [9,18]. A graphical representation of packaging system
with primary, secondary and tertiary packaging is shown in Fig. 1.

A group of tertiary packages mounted on a single base is called ‘unit load’, which and
aims to facilitate the automation and transport of large loads [18], a pallet jack or a ship
containers can be considered an unit load.

3.  Types of food packaging

Looking at the development of packaging over the years, it might have started with
wrapping of food, which probably did not have scientific basis, except for the consumer
in the eyes of the sellers. For this purpose, either paper or cloth in the form of sacks might
have been used in olden days. As the time progressed and with the development of
science, man started using different types of packaging, which include glass, plastics
(cellophane and polyethylene), metals (for beverages), etc. Reason for this could be that
each food has specific needs in terms of its storage, storage and transport. Therefore, it is
necessary to know different types of the packaging in order to choose the ideal model for
each type of food. Various types of available packaging are discussed in the following
subsections.

3.1 Conventional food packaging

Conventional packaging are those which are limited to the basic functions of containing,
preserving, protecting, informing and conferring convenience [9,12], with minimal
interaction between the packaging and the food during the storage and distribution stages.
Although conventional packaging has greatly contributed to the early development of
food distribution systems, it is no longer efficient because it does not respond to
consumer demands for minimally processed foods containing low quantity of
preservatives [12,20].

3.2  Active food packaging

Food producers are generally challenged to produce high quality food having longer shelf
life in comparison to ordinary food. Such food should therefore be packed using suitable
packaging material. One such method is “active’ packaging.

Active packaging systems were defined by Rooney [21] as a material that plays a
different role from an inert barrier to the external environment. Therefore active
packaging has several additional functions over conventional packaging by changing
product conditions, increasing shelf life, safety, quality and/or improving its sensory
characteristics [22].
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Active packaging allows the interaction between the packaging, the food and the internal
and external environments to improve sensory properties and food safety, while ensuring
maintenance of food quality [23-25].

In recent years, research to develop active packaging production techniques has
significantly increased [26], the focus of these research is to find additives that can be
incorporated into packaging instead of direct incorporation into food [27]. These
additives absorb undesirable substances such as oxygen, ethylene, moisture, light, dust,
odor, heavy metals, depleted oils, free radicals and other contaminants [20,28-30], and
some additives emit carbon dioxide, antimicrobial agents, antioxidants and aromatics
[23,28,31].

Examples of active packaging are humidity regulators, ethylene absorbers, films
containing antimicrobial and antioxidant agents, enzymes, flavorings, packaging systems,
or emitters of flavoring agents, systems that allow monitoring of product quality beyond
temperature and other characteristics physicists [32-35].

There are two aspects in active packaging, viz., active scavenging and active releasing
packaging system [5]. In the first one unwanted materials (oxygen, excessive moisture,
etc.) are removed while in the second beneficial agents such as carbon dioxide, moisture,
preservatives and antioxidants added with a view to preserve the quality of its content.
Ensuring exceptional food quality and extended shelf-life are the main objective of both
these systems.

3.2.1 Antimicrobial food packaging

Foods can serve as a vehicle and substrate for the multiplication of several
microorganisms, often pathogenic, capable of producing toxins and causing health risk to
the consumer when ingested [36], and the presence of deteriorating microorganisms in
food is one of the main reasons for the loss of food [37]. In order to avoid biological
contamination of food, the concept of antimicrobial packaging is presented, which
presents substances incorporated in the packaging material capable of eliminating or
inhibiting deteriorating and pathogenic microorganisms of food through slow release to
the food surface or it may be used in vapor form [8-12]. It is reported that some of the
materials such as silver nanoparticles, ethyl alcohol, Chlorine dioxide, Nisin, organic
acids, etc. are being evaluated for the antimicrobial properties [17].

Thus, the antimicrobial package is an active packaging that acts to reduce, inhibit or
retard the growth of microorganisms that may be present in the packaged food itself or in
the packaging material itself [36]. The basic principle of antimicrobial packaging is the
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addition of an extra microbiological barrier to the physical barriers of conventional
packaging [38].

According to Appendini and Hotchkiss [36] the strategies for antimicrobial packaging
are:

1. Addition of sachets containing volatile antimicrobial substances into the packages.

2. Incorporation of volatile and non-volatile antimicrobial substances directly into
polymers.

3. Coat or adsorb antimicrobial substances on polymer surfaces.
4. Immobilization of antimicrobial substances in polymers by ionic or covalent bonds.
5. Use of polymers that are inherently antimicrobial.

From the above it can be said use of antimicrobials in food packaging would result in
enhancing the quality and safety of the food through the reduction of surface
contamination of the food [17].

3.2.2 Antioxidant food packaging

Oxidation is the most frequent mechanism of deterioration and reduced shelf life [28],
especially for lipid-rich foods [39-43] such as meats and their derivatives [44—46], milk
and dairy products [47]. In addition to altering the taste, oxidation decreases the
nutritional quality of the food [44-46], since vitamins and fatty acids are degraded, and
this degradation may have reactive and toxic compounds that can put consumers' health
at risk [48].

In order to avoid or reduce food oxidation, both the food industry and the scientific
community have been working on the development of new packaging systems to prolong
the shelf life of food [49]. The most promising solution to preserver oxidation-sensitive
foods are the active packaging antioxidants, or simply packaging antioxidants [32].

This type of active packaging has the strategy of adding antioxidant substances in which
they interact with packaged food, limiting or preventing their [50,51], avoiding the
addition of chemical compounds directly in foods [52]. To this end, the antioxidant
compounds must be added in films, papers or sachets from where they will be released to
protect foods from oxidative degradation, inhibiting oxidation reactions by reacting with
free radicals and peroxides and consequently extending shelf life [22,28,53].
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3.2.3 Aromatic food packaging

The incorporation of flavorings in food packaging improves the organoleptic quality of
the product [22,29], improving sensory acceptance of conditioned food [54] through the
controlled release of desirable flavors from polymeric materials [55]. The production
strategy of these packages is the incorporation of volatile aromatic compounds into the
polymer matrix [54]. The volatility of an aromatic packaging is fundamental for its
effectiveness, such characteristic being dependent on the molecular weight of aromatic
compounds, which, in most cases, has a chemical structure of 6 to 18 carbons [55].

The development of packaging that can contribute to the improvement of flavor through
the release of flavoring compounds to food is a marketing alternative, since the sensorial
quality of food is, in most cases, the primary factor in the acquisition of a particular
product. Therefore, flavor packaging is a good alternative for the development of new
products or for the introduction of those already traditional with different flavors,
allowing, therefore, a greater diversification of products in an increasingly competitive
and demanding consumer market [56].

3.2.4 Smart/intelligent food packaging

Functions such as traceability, indication of breach and monitoring of food quality are
increasingly gaining importance in the production of food packaging [32,57], these new
systems are called intelligent packaging [58]. Smart packaging may have its function
activated and deactivated in response to changes in external and internal conditions and
may include communication to customers or end users regarding product status [59],
briefly a smart packaging reads and reports the conditions of the feed [58].

Intelligent packaging can be divided into two groups: data carrier packages, where the bar
code and radio frequency identification (RFID) labels are inserted, and indicator
packages, with a special emphasis on the time-temperature binomial indicators, indicators
of gases such as oxygen and ethylene, and indicators of pathogenic microorganisms and
toxins [12,60].

Figure 2 shows some bar codes being used. The most popular bar code (Fig. 2a) was
created in 1970 [61], also known as “Universal Product Code” (UPC) is still widely used
in the world due to its low cost [62]. However, new bar code models, such as QR code
(Fig. 2b) and data matrix (Fig. 2c), with greater capacity to store data, have arisen
[12,62], since these models store data both directions, vertical as well as horizontal [62].

On the other hand, Fig. 3 shows a new technology for data storage, automatic product
identification and traceability, which is called ‘Radio Frequency ldentification (RFID)
tags. This system basically consists of a microchip connected to a thin antenna [63-65].
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Regarding the bar code, the RFID tag has some advantages because it does not require
direct contact with the reader and has a greater capacity to store data, which facilitates its
association with indicators and biosensors [58,66,67].

9ilNg7654"32109
(a)

Figure 2. Three popular barcode patterns: (a) Universal Product Code (UPC), (b) quick
Response code (QR code), (c) data matri. (Reproduced from Chen et al.[61] with the kind
permission of the Publishers).

45 mm

Figure 3. Example of a RFID tag. (Reproduced from Fujisaki [63] with the kind
permission of the Publishers).

The uses of RFID in the food industry are numerous and range from facilitating food
traceability to improving the efficiency of supply chains, but perhaps the ultimate
benefits of RFID in food packaging are that it speeds up inventory turnover and improves
traceability [58], in addition to the possibility of its association with biosensors [68-70].

It may be noted that the “indicators’ are compounds that indicate the presence, absence or
concentration of another substance or the degree of reaction between two or more
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substances [71]. According to Biji et al. [72] in the food industry can be highlighted three
types of indicators:

1. Freshness indicators: provide information on the quality of the product in relation
to microbial growth or chemical changes within the food product.

2. Time temperature indicators (TTI): These indicators indicate whether the
temperature limit has been exceeded over time and the time that a product has
passed the temperature limit.

3. Integrity indicators: it has the function of informing leaks or ruptures in the
packaging, guaranteeing the quality of the food throughout the chain of production
and distribution.

Table 1 shows some indicator systems in smart packaging available on the market.

Table 1. Commercially available indicators food packaging systems.(adapted from Biji et
al. [71] with the kind permission of the Publishers).

Trade Name Manufacturer Indicator Type
0O, Sense™ Freshpoint Lab Integrity
Novas® Insignia Technologies Ltd. Integrity
Ageless Eye® Mitsubishi Gas Chemical Inc. Integrity
Freshtag® COX Technologies Freshness
Sensorq® DSM NV and Food Quality Sensor Int. Freshness
Timestrip Complete® | Timestrip UK Ltd. Time
temperature
Timestrip® PLUS Duo | Timestrip UK Ltd. Temperature
Monitormark™ 3M™ Time
temperature
Fresh-Check® Temptime Corp. Time
temperature
Onvu™ Ciba Specialty Chemicals AndFreshpoint | Time
temperature
Checkpoint® Vitsab Time
temperature
Cook-Chex Pymah Corp. Time
temperature
Colour-Therm ColourTherm Time
temperature
Thermax Thermographic Measurements Ltd. Time
temperature
Timestrip® Timestrip Ltd. Integrity
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3.3 Edible films and coatings

‘Films’ and “coatings’ are terms used in the field of food, most often without distinction.
However, it is important to note the difference between these two terms: the protection is
a film formed by drying the biopolymer solution prepared separately from the food,
which is then applied; while the coating may be a suspension or an emulsion applied
directly to the food surface which upon drying leads to the formation of a film [73,74].

Both the edible films (EF) and edible coatings (EC) have attracted increasing attention in
the last decade as a new alternative to reduce synthetic packaging and improve
biodegradability [75]. Applied on the surface of the food seeking the reduction in the loss
of water vapor, oxygen, migration of lipids and aroma or to stabilize the gradients of
water activity and thus maintain different texture properties [73,76], it is possible to
incorporate active agents such as antioxidants and antimicrobials to prolong the useful
life of the food [53,77].

Various materials have already been used for these purposes, in China wax was used as
fruit coatings in the twelfth and thirteenth centuries [78], in the 1930s paraffin waxes
were commercially gained and were used in coating apples and pears [79]. Researches
with biopolymer-based coatings such as polysaccharides, proteins and lipid materials
have increased [74,80], emphasizing starch and nanocellulose due to their low costs,
availability and biodegradability [74,81].

4.  Materials for food packaging

In recent times packaging technologies have become innovative. Accordingly, some of
such technologies include ‘modified atmosphere packaging’, ‘active packaging’, and
‘smart and intelligent packaging’. Extended shelf-lives, reduction in the rate of quality
loss and increased safety of packaged foods are the results from these new technologies.
Therefore, selection of appropriate packaging materials and systems is an integral part of
food processing and product design [19]. Over the years, the food industry has always
shown great interest in developing packaging with different materials, some toxic to
humans and others not so [23]. In addition to the development of these new materials, the
concepts of ‘smart’ packaging and ‘active’ packaging have been introduced [24,82], these
have brought in new functions and applications to packaging [82].

The selection of the packaging system for a food depends on many factors such as the
type of food, the protection requirements, the shelf life required for the food, the market
for which it is intended, logistics, storage and sale [9,83]. The types of materials for food
packaging are discussed in the following subsections.
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41 Metals

Metal packaging was developed at the beginning of the 19th century, but it was from
1920 onwards that it started the application of metals in food packaging, using internal
varnishes suitable for different types of products [9]. The metal packs offer the advantage
of superior mechanical strength, impermeable barrier to mass and light transfer, good
thermal conductivity and resistance to relatively high temperatures, these latter properties
make the metal packages particularly suitable for thermal processing in the package
[83,84], but metals are not suitable for the production of modified atmosphere packaging
[85].

Four types of metals are commonly used in food packaging, viz., steel, aluminum, tin and
chrome [18], but steel and aluminum are the most commonly used for this purpose [14],
with food cans being mostly made of steel while beverage cans are generally produced
from aluminum [18]. Unlike aluminum, steel tends to oxidize when exposed to moisture
and oxygen, producing rust [18,84], and to avoid oxidation, tin and chromium are used as
protective layers for steel [18].

4.2 Glass

Glass is an amorphous inorganic melt product which has been cooled to a rigid condition
without crystallization [86], the production of glass containers involves heating a mixture
of silica (the glass former), sodium carbonate (the melting agent) and limestone / calcium
carbonate and alumina (stabilizers) at high temperatures until the materials merge into a
thick liquid mass which is then poured into molds [14], in addition to these other
compounds can be combined to obtain different types of glass [9,18].

As material for food packaging glass has interesting properties as optical transparency,
excellent chemical stability, inert to many foods, very rigid and, because it is not
permeable, has excellent barrier properties [14,18,84,87], to these advantages can be
added the facts that foods can be cooked in glass receptors at high temperatures and that
most glass containers can be reused and recycled [14,83,84].

However, there are some disadvantages of using glass as packaging material, which
includes brittleness, because it breaks easily with high pressure, thermal shock and shock,
and high weight [14,18,83,84]. For food packaging, fragility causes safety concerns
because there is a possibility of chipped glass in food products [18], and high weight may
increase transport and logistics costs [14].

Glass has long been used for food packaging, the first record of its use to hold food dates
back to around 3000 BC [13,88], with a lower standardization degree than metal
packaging [84] use of food packaging glass has declined in the last three decades, losing
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market share to metal cans and, increasingly, to plastics [18]. However, it is still an
important packaging material [18], especially for beverages.

43 Paper

Paper is a two-dimensional material, which is produced from an aqueous suspension of
fibers of wood origin, which in turn are artificially intertwined and subsequently
dewatered by mechanical and thermal processes [89]. Paper production began more than
two millennia, due to the need to communicate through materials that could be easily
transported [90], however the paper application expanded, and today this material is used
for other purposes, such as writing, printing, hygiene and packaging [81].

The first record of the use of paper as packaging is 1850 [91], after this milestone the
packaging industry had for a long time paper as the main raw material [83], and is widely
used for food packaging [84]. Today, although still mostly used, the paper divides this
protagonism with other materials as the polymers [18].

The main advantages of using paper for food packaging are low cost, wide availability,
low weight, printing capacity, good mechanical strength, ability to impart rigidity and
flexibility when necessary, possibility of recycling and biodegradability [83,84,92]. As
disadvantage, paper is not a material with good barrier properties, because its hydrophilic
nature [92] and porous characteristics [91]. These render the paper permeable to moisture
and gases. But this disadvantage can be circumvented by the association of paper with
other materials, such as use of wax over the paper [84] and coating or incorporating
nanocellulose (nanopaper) [81], and some strategies of paper waterproofing may hinder
its recycling and biodegradability [92].

4.4  Synthetic polymers

Polymers are the most used materials for packaging production due to the low cost, the
ease of process and the availability of abundant resources for its production [93].
Polymeric materials are quite varied and versatile, can be flexible or rigid, transparent or
opaque, thermosetting or thermoplastic (thermosetting), reasonably crystalline or
practically amorphous, can be produced as films or as containers of many shapes and
sizes [84].
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The most relevant polymer properties for packaging applications can be broadly
classified into morphology, barrier properties, mechanical properties, thermal properties
and optical properties [93]. Use of polymeric materials in food packaging requires low
migration of chemical components from the packaging to the food and good barrier
properties such as resistance to water, gas and liquid vapor permeability [9,93]. The
common polymer used for food packaging application is shown in Fig. 4.
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Figure 4. Common polymers used for food packaging application.LDPE: Low-density
polyethlen; LLDPR: Linear low-density polyethylene; HDPE: High-density polyethylene;
PP: Polypropylene; EVA: Ethylene-vinyl acetate; EVOH: Ethylene-vinyl alcohol; EAA:
Ethylene acrylic acid copolymer; PS: Polystyrene; PVC: Polyvinyl chloride; PVDC:
Polyvinylidene chloride; PET: Polyethylene terephthalate; PEN: Polyethylene
naphthalate; PA: Polyamide; PC: Polycarbonate.

45  Biopolymers

Used food packaging constitutes a considerable and growing proportion of solid urban
waste [84], polymers, metal, glass and some types of paper are recyclable. However, in
the face of the large amount of waste produced, recycling is not enough and these
materials become a source of contamination and pollution to the environment, especially
the oceans, which are rapidly packing tons of plastic [94]. This leads to unwanted
environmental issues, which are increasingly important to consumers and, as a
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consequence, there has been increase in research and production of bio-based and
biodegradable materials.

Biologically based packaging is defined as packaging containing raw materials from
agricultural and renewable sources [95], such as those produced from starch and cellulose
[81]. Biopolymer based on cellulose and starch is not new, with cellophane being the
most common cellulosic biopolymer and amylose, hydroxyl propylated starch and dextrin
biopolymers based on starch [14]. Renewable polymers are classified according to their
production method: polymers extracted directly from natural materials, polymers
produced by “classical” chemical synthesis from renewable bio-derived monomers and
polymers produced by micro-organisms or genetically modified bacteria [95].

Biopolymers are not as plastic, so it is not simple to substitute the production of plastic
packaging for the production of biologically based packaging [14]. This is because, in
addition the high cost of production, poor barrier properties, low mechanical resistance
and low chemical compatibility with others polymers limit the use of these materials
[14,95,96]. However, biopolymers increase the possibility of production of packaging
and edible films [84] creating a positive outlook in a market dominated by materials from
practically non-degradable fossil sources [96].

Bio-nanocomposites are being developed and used to reduce or mitigate the
disadvantages of biopolymers and also improve the properties of traditional materials
applied in the production of food packaging. Nanocellulose is a bio-nanocomposite that
has been showing promising results, and its application in food packaging is discussed in
the next section.

5. Nanocellulose (NC)

The term “nanocellulose” began to be used in the 1980s, although the first studies in 1970
already pointed to a class of fibrillated materials, produced from cellulose pulp through
micro processing, in which a microfibrils gel was obtained [97,98].

As mentioned earlier, nanocellulose is a general term that refers to a class of materials
that has at least one of its dimensions on a nanometric scale [81,99]. Nanocelluloses can
be produced by different sources and routes of production, such as fibrillation and
hydrolysis (chemical or enzymatic) or their combinations [99-101].

Considering the top-down route, nanocelluloses can be classified into three types:
nanocrystalline  cellulose  (CNC), microfibrillated  cellulose (MFC) and
nanofibrillatedcellulose (NFC) [101,102]. There is also bacterial nanocellulose (BNC)
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[98,103], obtained by the bottom-top route, but its application will not be considered in
this chapter.

MFC and NFC have crystalline and amorphous regions, differing in their size, MFC are
fibers with a diameter between 25 and 100 nm, whereas NFC has diameters between 5
and 30 nm and a length between 2 and 10 um [102,104], it is common to see the
confusion between these two terms in the literature [100]. The CNC has no amorphous
zones and has diameters between 2 and 20 nm and a length between 100 and 600 nm
[102,105-107].

The CNC is produced by strong acid hydrolysis under controlled conditions of
temperature, time and agitation followed by washing, centrifugation, dialysis and
sonication to form a suspension followed by freeze-drying or heat drying. The
electrostatic stability of the crystals depends on the type of acid used [106,108], and
sulfuric acid and hydrochloric acid are commonly used [100]. Due to the presence of
negative charges on the surface of the crystals, the CNCs produced with sulfuric acid are
more stable and dispersed in water. On the other hand, CNCs produced with hydrochloric
acid are more likely to clump together in aqueous solution [106]. Another useful feature
of NC is its low coefficient of thermal expansion (CTE), which can be as low as 0.1 ppm
K* and comparable to that of quartz glass [109].

Another method that can be employed, but which has less prominence in the CNC probe
is enzymatic hydrolysis [110]. However, this method is expensive and time-consuming
[111], and is now used as a pretreatment for the production of MFC or NFC.

NFC and MFC are produced by mechanical defibrillation of cellulose fibers. Some
methods that may be employed in this fibrillation are grinding, cryocrushing with high-
pressure homogenization with liquid nitrogen, steam explosion, high-intensity ultrasound
etc. [81]. It may be noted that some pre-treatments may be required before mechanical
processes for spending lower energy for producing NCs and smaller NCs with a view to
promote the accessibility of hydroxyl groups, increase the internal surface, alter
crystallinity, break the hydrogen bonds of the cellulose and thus increase the reactivity of
the fibers. Among the pre-treatments that are used include enzymatic, chemical or
alkaline hydrolysis [112].

Fig. 5 illustrates the hierarchical structure of the cellulose and the location of the
structures that make up the MFC, NFC and CNC.
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Figure 5. Hierarchical structure of cellulose. (Reproduced from Nelson et al. [105] with
the kind permission of the publishers.

6. Use of nanotechnology in food packaging

In order to reduce the costs of petroleum-based polymers and to maintain or improve the
properties of the packaging, research began in the 1960s on the development of
composite materials with the addition of fibrous or particulate mineral fillers. Among the
properties of the charge to be evaluated, this physical-chemical interaction, property
directly tied to the particle size [113,114]. Due to this the application of nanomaterials in
food packaging promises to open new possibilities to improve not only the properties but
also the efficiency, contributing to the preservation of fresh foods by extending their shelf
life. The nanometric size results in the marked improvement of the properties of
flexibility, durability, biodegradability, temperature and humidity stability, and gas
barrier properties when compared to conventional packages [96,115].

The nanotechnology applied in food packaging materials results in the following
classification: (1) improved, whose nanomaterials can alter their properties and increase
the commercial validity of the food; (2) active by the addition of nanomaterials, for
example metal oxide or metal nanoparticles with antimicrobial properties; (3) bioactive
packaging, with incorporating bioactive compounds capable of preventing or reducing
disease risks and controlled release of substances; (4) intelligent, built-in nanosensors to
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monitor and report the conditions of the packaged food or surrounding environment
[116]. In the context of improved packaging, the addition of nanocellulose has shown
good gains in terms of mechanical, thermal and moisture barrier properties, as well as
being biodegradable and low cost [117-120].

Nanocellulose is a promising material in food packaging applications due to its
mechanical and barrier properties [119,120]. These properties are associated with the
resistance of the crystalline regions and the strong network formed by the interfibrillar
connections of the amorphous regions [121]. The nanocellulose can act as a reinforcing
agent for biopolymers and synthetic polymers [119], it being easily chemically
compatible with the most diverse materials.

6.1 Nanocellulose as additive and coating of paper

Nanocellulose can be used to improve the properties of paper used in food packaging. For
this application the types of nanocelluloses that are employed are MFC and NFC. MFC
and NFC nanocelluloses have high capacity to form intra and interfibrillar bonds forming
a dense network of fibrils. In addition to this characteristic, small voids are generates
[121,122], MFC's have a high crystallinity index [123], which may have low permeability
to air, oil and water.

The decrease in paper permeability is associated with increased bulk density [124].
Higher density occurs due to the higher contact surface of the nanocelluloses and the
greater interaction and compression between them. The addition of nanocellulose in the
production of paper with recycled fibers results in an apparent density increase of 7.5% to
25% and varies according to the type of paper to be recycled. In addition, as a
consequence, porosity reduction occurs in relation to the paper without addition
[125,126]. Similar result has been observed by testing different degrees of fibrillation and
adding on paper, in which 15 passes increased apparent density by 5.6% and 35 and 50
passes increased apparent density by 9.43% [127]. Contrary to what be imagined, the
increase in bulk density was not found proportional to the increase in refining in the
production of nanocellulose by the mechanical method. The decrease in the paper density
with the addition of high refining grade nanocelluloses is reported as due to the excess
water in the intercellular spaces and the difficulty of the drainage with the press in the
formation of the paper [128]. The increase in density and gain of mechanical and barrier
properties are associated with a large amount of hydrogen bonds formed between
nanocelluloses, which are very stable and require high energy to be broken [129].

Among the mechanical properties of the paper to which it has the greatest increments are
the tensile strength and the bursting. There is a great variability in the value of the
increment, which is related to the degree of processing of the nanocellulose as well as to
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the raw material to be used and the inherent binding capacity of the main fibers used
[127,130]. Another factor that interferes is the amount of nanocellulose to be added, this
being another very critical factor since no work so far has been able to measure exactly
the degree of retention of the nanocellulose in the production of the wet mass and after
the drying [131].

The increase of the surface loads, the decrease in size and the application of chemicals
also help in the better adhesion between nanocelluloses, since the repellency between
particles avoids the formation of agglomerates [131]. Naderi et al. [132] and Naderi et al.
[133] working with mechanical processing with chemical additives, to produce
phosphorylated NFC and carboxymethylated NFC, observed decrease in the size of
nanocelluloses and increased surface charge resulting in increased mechanical properties
of films. Further, they also observed phosphorylated NFC shown a reduction around 50%
in oXygen passage.

There are reports of 2% increases in tensile properties [134] as well as increases above
100% [135,136] requiring caution in comparing the results. He et al. [127] found
increases of 35%, 46%, 49%, 68% when adding 2% of nanocellulose processed with 15,
25, 35 and 50 passes.

In the case of recycled papers, significant increase in tensile strength and burst strength
have been reported by the addition of NFC [125,126]. Viana et al. [126] have observed
97%, 133% and 104% increase in tensile, burst and tear resistance tests, by adding 10%
of nanocellulose. Similarly, Delgado-Aguilar et al. [125] have reported improved
workability of pulp in paper formation, reducing breakage due to improved fiber
interlacing. Another advantage reported by these authors is preserving the structure of the
fibers by using NFC instead of refining the fiber again. This would allow for a longer life
and the possibility of reusing fibers more often. However, the main problem encountered
in adding 4.5% NFC is reported in the drainability, which decreased by 36%,
demonstrating that the removal of water from the paper would be more difficult.

Due to the reduction of porosity and increase in bulk density, the barrier properties are
also altered [129]. The use of nanocelluloses as a surface coating on various base papers
considerably reduces air permeability, but this effect is reduced to high relative humidity
[129,135]. There are reports regarding air permeability determined by the Gurley method,
which was reduced from 60% [137] to 280% [138]. Belbekhouche et al. [139] prepared
films with CNC and NFC have concluded that the permeability of CNC films was much
higher because of the nature of the pores formed in these films. On the other hand,
Visanko et al. [140] have observed high oxygen resistance at 80% moisture in films
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produced with CNC, contrary to what was observed by Cozzolino et al. [141] who found
a 20 times greater oxygen transmission in MFC films when compared to dry film.

According to Lagaron et al. [142] the effect of plasticization of cellulosic materials
occurs, in high humidity causing a low cohesion in the film at high moisture content.
Similar results are also reported by Lengowski et al. [143] and Wang et al. [144], which
justify the loss in resistance of MFC films due to loss and absorption of water in the
amorphous region of the nanocellulose.

Another way of improving the mechanical and barrier properties of papers is through the
application of a thin superficial layer of nanocellulose [81,129], replacing the starch layer
and sizing agents that make the coating to improve the hydrophobicity of the papers[131].
According to Kiviranta [145] all papers that are used for food packaging have a coating
on their surface to improve their absorption properties. Fig.6 shows the main mechanisms
that coatings aim to improve. The ability to absorb liquids and gases is directly related to
porosity and paper density. For MFC based films the porosity can be modified by drying
from different solvents, creating an adjustable feature that provides an advantage over the
melt-formed plastics [81]. Henriksson et al. [146] were able to modify the porosity of
water-dried MFC-based films from 28% up to 40% with films dried from solvents such
as methanol and acetone. In addition, when used as a coat of MFC as a coating on paper,
air permeability was found to reduce by 10% as a consequence of the reduction of surface
porosity [121].
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Figure 6. Main mechanisms that coatings are designed to improve.
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6.2  Synthetic polymers

Because nanocellulose is a hydrophilic polymer while most polymer matrices are
hydrophobic, nanocellulose makes dispersion a challenge in the development of new
materials [147]. In addition, two other factors deserve special mention in the use of
nanocellulose in polymer matrices. First one is the high availability of hydroxyl groups,
which leads to the formation of agglomerates [148]. The second is their low thermal
degradation point, which should be considered when it is used as reinforcement
especially in polymers such as polypropylene, high and low density polyethylene, which
have low degradation point [149].

Leao et al. [149] state that the high availability of free hydroxyl groups on the surface of
cellulose nanofibrils causes increased agglomeration in the hydrophobic matrix of
polypropylene, which suggest that the addition of natural isoprene can reduce the amount
of OH and ultimately the agglomeration of nanocelluloses.

Other chemical modifications have already been tested in order to improve the dispersion
of nanocellulose with the chemical modification with the use of surfactant
polyoxyethylene [150-152], drying techniques of nanocellulose [153], processing as
Solid State shear pulverization method [154] and the microfibrillation of the cellulose
through extrusion while homogenizing with the polymer matrix [155,156].

Iwamoto et al. [150] found a better dispersion of the nanocellulose in polypropylene,
however the improvement in mechanical properties was achieved only when mixing
maleic anhydride to the blend. The significant improvement of interfacial adhesive
interaction was observed, leading to a high Young's modulus, maintaining the great
plastic deformation.

Lin and Dufresne [151] observed that polyoxyethylene and polyethylene glycol grafted
nanocrystals improved thermal stability, allowing high temperature (200 °C) processing
avoiding nanoparticle degradation and providing good dispersion and compatibility
between modified nanocrystals and matrix.

Ljungberg et al. [152] using surfactant in the surface modification of the CNC in the
matrix of atactic polypropylene observed greater transparency and better dispersion. They
concluded that the improvement of the mechanical properties is not restricted only to the
amount of reinforcement, but is associated with the chemical interaction that takes place
between the matrix and the reinforcement.

Recently, studies have shown that spray-freeze drying produces porous microstructures
that are easy to disperse in the polymer and increases the interfacial contact area of the
CNC with matrix polymer [153,157]. Another study with polypropylene (PP)
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nanocomposites containing spray-dried CNC, freeze-dried CNC, and spray-freeze-dried
CNC revealed possibility of their preparation, which showed the best results of
dispersion, while composites produced with spray-freeze-dried CNC exhibited high
Young's modulus [158].

Another study by lyer et al. [154] showed 69% increase in the Young's modulus in low
density polyethylene by the addition of 10% CNC by the solid state shear pulverization
method. Further, the authors observed a 53% increase, being the largest increases found
in the mechanical properties in polypropylene matrices, without modifying/making
compatible the CNC.

The addition of 12% NFC to high density polyethylene resulted in a 44.7% increase in
tensile strength; however the composite fragility increased over the control [159].
Modification in nanocelluloses before addition to high density polyethylene by aliphatic
esters provides greater dispensability, enhanced Young's modulus, tensile strength and
coefficient of thermal expansion (CTE) compared to those of nanocomposites produced
with unmodified nanocelluloses [160].

Studies have shown that the production of low density polyethylene based films and
polycaprolactone top layer containing surface modified crystalline nanocelluloses with
maleic anhydride and copper oxide to be the most promising material for improvement in
antibacterial and antifungal activity, as well as an oxygen transmission rate, which was
16% lower compared to pure low density polyethylene [161]. Although it is reported
great difficulty in the compatibilization and homogenization of nanocellulose. Sapkota et
al. [162] achieved good dispersion of the CNC without the use of organic solvents or
compatibilized through a premix and subsequent melt, obtaining gains in the Young's
modulus, maximum stress and decrease of the breaking stress in relation to the low
density polyethylene without CNC .

In the case of poly (ethylene-co-vinyl acetate), addition of nanocellulose results in
modified morphology of the cells during the process of foam expansion, since the
nanocelluloses act as nucleating agents. The authors observed occurrence of the most
efficient nucleation with 1% CNC along with uniformity of cell size. The mechanical
properties of the compressive strength of the reinforced foams were found to be superior
to those of the pure ethylene vinyl alcohol (EVA) foam due to the decrease in the size of
the cells. Nanocomposites of ethylene vinyl alcohol copolymer (EVOH) containing CNC
have been prepared by electrospinning and dissolution precipitation before matrix
melting [163]. An improvement in the thermal properties of nanocomposites was
observed in relation to pure EVOH [164].
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Suzuki et al. [156] and Suzuki et al. [155] have reported processing of homogenized kraft
pulp and polypropylene (PP) in a twin screw extruder in order to obtain nanocellulose
and melt the polypropylene in a single step. The compatibilization of PP with cellulose
was only possible with the use of polypropylene maleic anhydride or with cationic
polymer having a primary amino group. Improvements in mechanical properties were
found and thermal distortion temperature under a load of 1.82 MPa have been observed.

Polystyrene (PS) reinforced with CNC showed increase in the properties of storage
modulus, crystallinity index, thermal decomposition temperature, tensile strength and in
hydrophobicity [165,166]. The addition of 7% of CNC in PS by electrospinning
increased the tensile strength by 170%, while the ductility decreased, while contact angle
increased from 120 ° to 138 ° with the addition of 1% of CNC [165]. However the
reinforcement with NFC produced by the TEMPO method produced a nanocomposite
with high optical transparencies and its tensile strengths, elastic moduli and thermal
dimensional stabilities increased with increasing NFC content [167].

Polyvinyl chloride (PVC) reinforced with CNC showed good dispersion and resulted in
improved tensile strength and biodegradability of nanocomposites, but reduced thermal
stability compared to pure PVC [168]. The chemical modification of CNC with silane
resulted in its better interaction with the matrix along with reduction in voids and
significant improvement in tensile strength of nanocomposites without chemical
modification[169].

Polymethyl methacrylate (PMMA) reinforced with styrene-modified CNC showed an
initial CNC degradation temperature was increased 50 °C after the modification. Also,
the breaking strength and the elongation at break of the composites were improved and
the transparency remained close to that of the pure PMMA [170]. of PMMA with CNF
resulted in translucent nanocomposites, with increased thermal stability, glass transition
temperature and the storage modulus. The Young’s modulus and tensile strength
increased with increasing nanofiber content [171,172].

Films composed of polyethylene terephthalate (PET) and nanocellulose exhibit a higher
Young's modulus (about 10 GPa) and lower elongation (5.1%) and lower oxygen
permeability of the films than that of PET films [173]. According to Leao et al. [149] the
increase of filler nanocellulose restricts the mobility of the polymer chain and this is
directly reflected in the values of % elongation and Young’s modulus.

It is reported by Nair et al. [174] that oxygen barrier of nanocellulose films of 211 um
thickness is 17+1 ml m>day™, a value that is competitive with films of synthetic
polymers of the same thickness, such as ethylene vinyl alcohol (EVOH) (3-5
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ml'm *-day ') and polyester- oriented, coated polyvinylidene chloride (PVdC) films (9-
15 ml'm >day ).

Mascheroni et al. [175] working with PET films observed a high mechanical resistance
when they applied a CNC coating on these films. This property was found to show higher
increase when the CNC was produced through ammonium persulfate (APS) rather than
sulfuric acid probably due to highly negative surface charge, resulting in strong
carboxylic bonds between the CNCs.

Yousefian and Rodrigues [176] using 3% CNCs without modification in nylon 6 through
the melting process, observed an increase of 41%, 23% and 11% in flexion strength,
Young’s modulus and tensile strength respectively. Rahimi and Otaigbe [177] observed
an improvement in fluency and viscoelastic properties by adding 2% of CNC in nylon 6.
The authors justified this result due to the formation of a percolation network of CNCs in
the matrix. Lee et al. [178] observed 55% increase in tensile strength in polyamide-6
based nanocomposites containing CNF treated with amino silane.

Panaitescu et al. [179] used nylon 11 as matrix and 1% CNCs as reinforcement. They
observed 25% increase in Young's modulus and 10% elongation. The authors report a
good thermal stability (loss of mass less than 1% up to 270 °C) and justify this stability as
due to increased crystallinity of the nanocomposite due to the addition of CNC.

Another study has reported reinforcement of polycarbonate (PC) with 18% NFC to
prepare nanocomposites [180]. A 30% increase in the tensile modulus was observed
while nanocomposites with 3% CNC reinforcement resulted in a good interaction
between the PC carbonyl groups and the hydroxyl groups of the CNCs, Young’s modulus
to 27.3% increase, 30.6% increase in tensile strength and 3.3% in thermal stability [181].
However, another study has reported reduction of Tg and increase in the rate of
depolymerization with increase of the CNC content in nanocomposites of polycarbonate
prepared by master batch process [182].

6.3  Biopolymers based nanocomposites

The encouragement of the use of packaging that is not derived from petroleum has led to
increased research in the area of biopolymers by institutes, universities and industries.
However, these materials have low mechanical and barrier properties to water and
oxygen [183]. In this context, reinforcement with nanomaterials becomes an interesting
alternative.

CNC-reinforced Polylactic Acid (PLA) films produced by fusion extrusion method
obtained higher tensile strength and temperature resistance, but decrease of elongation
with increase of CNC content. However, it is still worth noting that the results
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demonstrated potential for food protection from oxidation and moisture reactions
[184,185]. The surface modification with surfactant allows a better dispersion in the
PLA matrix, besides the improvement of the barrier properties to oxygen and water. Both
composites presented the migration level below the overall migration limits in both non-
polar and polar simulants, suggesting the possibility to use these systems in food
packaging applications [186].

The addition of 5% NFC to PLA also improved the viscoelastic properties of the films,
especially at higher temperatures. However, the authors report difficulties in obtaining a
homogeneous dispersion in the composite with this type of nanocellulose [187].

Another study with biopolymer PLA film of 0.25 pum thick coated with a 0.8 pm thick
film of nanocelluloses has exhibited high oxygen barrier properties [188].The
nanocellulose film reduced the oxygen permeability from 7,4 ml'm *day "-kPa™' for pure
a PLA filmto 9,9 x 10™ ml'-m *day '-Pa”' for PLA after the coating [188].

Nanocomposites prepared with CNC modified with silane and PLA had insignificant
impact on PLA crystallinity [189]. However, the modification provided active nucleation
sites and accelerated the PLA nucleation rate. Values of Young’s modulus and tensile
strength of the nanocomposite films prepared with 1% silane modified CNC were found
to be 20% higher than those of the films prepared with unmodified CNC [189].

Dufresne and Vignon [190] and Dufresne et al. [191] prepared potato starch-based films
and concluded that increase in the Young's Modulus is linear with the proportion of MFC
added. Improvement of the mechanical properties of films with cassava starch was
observed this seemed to depend on the degree of fibrillation of the MFC [135]. The
improvement of the barrier properties with the addition of nanocellulose is attributed to
the increase in the tortuosity of the way to go by the permeants [192]. One of the great
difficulties of producing starch-based films is that it renders the film brittle. This fact is
improved with the addition of plasticizers, however the barrier properties are impaired
[193]. Films produced with starch and CNC reinforced showed good mechanical
properties [194] with the reduction of the expansion and solubility in water [195].

Follain et al. [196] observed the improvement in water vapor resistance when adding
CNC to poly (e-caprolactone) films and attributed this improvement to the tortuosity of
the path that the vapor needs to go through with the addition of nanocellulose. Saxena
and Ragauskas [197] found a reduction in water vapor transmission of 74% when adding
CNC in xylan film.

Dhar et al. [198] were able to improve the oxygen barrier properties on poly (3-
hydroxybutyrate) films by adding CNC. Abdollani et al. [199] improved the wettability
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of alginate films with the addition of CNC besides an increase in contact angle from 41 °
to 71 ° by the addition of 5% CNC.

Thermoplastic starch-polyvinyl alcohol composite films reinforced with nanocellulose
showed a 28% gain in traction property with the addition of 5% cellulose nanofibers,
since water absorption was related to the content of glycerol present in the plasticization
[200].

Khan et al. [201] prepared films based on methylcellulose, vegetable oil, glycerol and
Tween-80 and observed that the mechanical properties and waterproofing of the films
were slightly improved with low additions of nanocellulose.

An improvement in water vapor barrier properties and mechanical properties was
observed in films produced with chitosan with addition in the NFC [202]. These
nanocellulose films, being a biodegradable polymer and possess antimicrobial and
antifungal properties, can be used to prepare films or edible coatings that do not demand
high flexibility or high barrier capacity, and therefore can be used for improving the shelf
life of food. Similar results for the mechanical and barrier properties have been reported
in films of sodium caseinate [203] and in alginate films [204] using CNC. Alginate based
nanocomposite films also showed a significant improvement in the transparency of the
films with 10% of CNC incorporation; however, the mechanical properties of these
nanocomposite films were found to be very much lower than those of nanocomposites
containing less than 5% CNC.

7. Final considerations

Historically, food packaging was created looking for four main characteristics:
containment, related to the ease of transportation; convenience, related to the ease it
brings to the consumed; protection and preservation related to avoiding leaks or
damaging food as well as protecting from entry of microorganisms that may reduce shelf
life; and communication, responsible for passing information on food quality and
preparatory guidelines. However, the demand of the modern consuming food with natural
quality food, guaranteed safety, minimum processing, extended shelf life, low cost, ready
for consumption concept, associated with packaging with good mechanical properties,
barrier and with the environmental appeal made with that the food industry was looking
for new materials to satisfy these new needs.

In this context the raw material used for the production of the packaging plays an
important and decisive role in the quality of the food and in the period of validity.
Nanotechnology then emerges as an ally of these new demands, opening up various
possibilities of materials, such as nanocellulose in the context of improved packaging.
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The use of nanocellulose in the most diverse polymers that are used for the production of
food packaging points to the creation of ecologically less aggressive packaging with
better barrier properties, mechanical properties, thermal resistance, flexibility and
stability.
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Abstract

Nanocellulose is cellulose fibrils with one of its dimensions in nanometer range. It shares
specific properties of both cellulosic and nanoscale materials. The two main families of
nanocellulose particles include cellulose nanocrystals (CNCs) and cellulose nanofibers
(CNFs). Both families have found use in paper making with CNCs limited to surface
coatings and CNFs have a wide range of use in paper making. Nanocellulose has gained
great interest in the paper and pulp industry because of its abundant availability,
renewable and eco-friendly nature. Nanopaper is advantageous over traditional pulp
paper due to its high strength, optical transparency, thermal stability, smoothness, etc. It
has been widely used as wet and dry strength agent and also as a coating to improve
barrier properties of the paper. The barrier properties may be destroyed due to the
hydrophilic nature of nanopaper, but it can be improved by surface modifications. This
review addresses an overview of the currently adopted method in the pulp and paper
industry, the role of nanotechnology in the industry, the classification of nanocellulose,
and its application in paper making.
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Nanocellulose, Paper Making, Cellulose Nanofibrils, Cellulose Nanocrystals
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1. Introduction

The concept of paper making originated two millennia ago when the need for
documenting major discoveries for a long term and communication between people at
distant regions, arose. The different stages of the current paper