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Preface

Marine organisms have been under research for the last decades as a source for different
active compounds with various biological activities and application in agriculture, pharma‐
cy, medicine, environment, and industries. Marine polysaccharides from these active com‐
pounds are used as antibacterial, antiviral, antioxidant, anti-inflammation, bioremediations,
etc. During the last three decades, several important factors that control the production of
phytoplankton polysaccharides have been identified such as chemical concentrations, tem‐
perature and light.

This book includes 14 chapters contributed by experts around the world; the chapters are
categorized into three sections: Marine Polysaccharides and Agriculture, Marine Polysac‐
charides and Biological Activities, and Marine Polysaccharides and Industries.

Section 1 (Chapters 1–2) describes the bioactivity and application of marine polysaccharides
in agriculture. Chapter 1 presents chitosan as one form of marine polysaccharides used for
pesticide formulations; Chapter 2 discusses chitosan as an active molecule that finds many
possibilities for application in agriculture, including plant disease control.

Section 2 (Chapters 3–9) focuses on biological activities and application of marine polysac‐
charides in medicine and pharmacy.

Section 3 (Chapters 10–14) describes the properties and application of marine polysacchar‐
ides in industries. Chapter 10 focuses on chitosan application in wastewater treatments as
well as the preliminary results on its chemical modification to obtain and utilize zeolite—
chitosan composites in adsorption of organic pollutants from industrial wastewaters. Chap‐
ter 11 discusses the flow behavior and viscoelastic properties of l-carrageenan in aqueous
solution, without or with the addition of sodium to characterize the polyelectrolyte behavior
of the polysaccharide, and evaluates the effect of its concentration and that of the counterion
on these behaviors. Chapter 12 emphasizes on chitosan-based formulations of fibers, fabrics,
coatings, and functional textiles. Chapter 13 focuses on the production of chitosan-based
thermosensitive materials, as well as their most relevant physicochemical properties and ap‐
plications. Chapter 14 discusses chitosan and only the phthaloyl chitosan derivative and
their applications in several electrochemical devices.

I would like to thank all the contributing authors for their time and great efforts in the care‐
ful construction of the chapters and for making this project realizable.

I am grateful to Ms. Dajana Pemac (Publishing Process Manager) for her great efforts and
encouragement and guidance during my preparation of the current book.



Finally, I would like to express my deepest gratitude to my wife (Dr. Ghada M. Azzam) and
my daughters for their kind cooperation and encouragement, which helped me in the com‐
pletion of this book.

Dr. Emad A. Shalaby
Biochemistry Department

Faculty of Agriculture
Cairo University, Cairo, Egypt
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Cairo University, Cairo, Egypt
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Chitosan as Source for Pesticide Formulations
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Abstract

Late blight and wilt caused by the oomycete, Phytophthora infestans, and the fungus,
Fusarium solani  f.  sp.  eumartii,  respectively,  are severe diseases in Solanaceae crops
worldwide. Although traditional approaches to control plant diseases have mainly relied
on toxic chemical compounds, current studies are focused to identify more sustainable
options. Finding alternatives, a low molecular weight chitosan (LMWCh) obtained from
biomass of Argentine Sea’s crustaceans was assayed. In an attempt to characterize the
action of LMWCh alone or in combination with the synthetic fungicide Mancozeb, the
antimicrobial properties of LMWCh were assayed. In a side-by-side comparison with
the SYTOX Green nucleic acid stain and the nitric oxide–specific probe, diaminofluor-
escein-FM diacetate (DAF-FM DA), yielded a similar tendency, revealing LMWCh-
mediated cell death. The efficacy of LMWCh, Mancozeb, and the mixture LMWCh–
Mancozeb was in turn tested. A synergistic effect in the reduction of F. eumartii spore
germination was measured in the presence of subinhibitory dosis of 0.025 mg ml−1

LMWCh and 0.008  mg ml−1  Mancozeb.  This  mixture  was  efficient  to  increase  the
effectiveness of the single treatments in protecting against biotic stress judged by a drastic
reduction of lesion area in P. infestans–inoculated tissues and activation of the potato
defense responses.

Keywords: chitosan, Fusarium f. sp. Eumartii, Mancozeb, Phythophtora infestans, potato,
tomato

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

The Solanaceae species potato (Solanum tuberosum L.) and tomato (Solanum lycopersicum) are
important horticulture crops. The oomycete, Phytophthora infestans (Mont.) de Bary and the
fungus, Fusarium solani (Mart.) Sacc. f. sp. eumartii (Carp.) Snyder & Hansen, isolate 3122 (F.
eumartii) are potentially pathogens in both Solanaceae species [1]. Late blight and fusariosis
caused by P. infestans and F. eumartii, respectively, are frequently controlled with toxic and
chemical fungicides. Mancozeb is a broad-spectrum contact fungicide commonly used to
control early and late blights, rusts, downy mildews, and black spots, including Fusarium wilt
[2]. In potato, Mancozeb treatments have been used by application rates of 2 and 4 kg ha−1 [3].
In the US, approximately 3.4 million kg of Mancozeb is applied annually in agriculture. The
Mancozeb breakdown metabolite, ethylene thiourea (ETU) is an industrial contaminant [4].
ETU has been shown to produce tumors, birth defects, cell mutations, and thyroid effects in
human and animals.

Despite the valuable contribution of Mancozeb to control plant diseases, alternatives and more
sustainable options are still hot topics in phytopathology. In this sense, chitosan has been
proved as a nontoxic and environmental-friendly compound for agricultural uses [5]. Chitosan
is a linear polysaccharide composed of randomly distributed β-(1-4)-linked d-glucosamine and
N-acetyl-d-glucosamine. This polymer is obtained from chitin which is commonly isolated
from the crustacean exoskeletons by enzymatic or nonenzymatic procedures. Chitosan of high
and low molecular weights has been found to be differentially effective against fungal
diseases [5, 6]. The mode of action of chitosan is rather variable, depending on its biological
target and interacting lipids in the cell plasma membrane [7, 8]. Chitosan in combination with
different chemicals (e.g., antioxidants, saccharine, essential oil) has been successful for the
control of foliar diseases in cucumber, cantaloupe, pepper, and tomato [9]. Low-level copper
and chitosan have been provided to confer protection against late blight in potato [10].

This work provides data from in vitro and in vivo studies revealing insights into the water-
soluble chitosan, low molecular weight chitosan (LMWCh) action in phytopathogens and
plants. An effective action of LMWCh in combination with suboptimal doses of Mancozeb for
the control of late blight was demonstrated. Additional field trials could also provide knowl-
edge on its efficiency and environmental implications.

2. Materials and methods

2.1. Isolation and characterization of chitosan

Chitin was isolated from shells waste of the shrimp Pleoticus mülleri from Argentine seacoast.
Chitosan was prepared by heterogeneous deacetylation of chitin with 19 M NaOH. The water-
soluble LMWCh (2.764 kDa) with a degree of deacetylation (DD) of 68% was prepared from
chitosan by oxidative degradation with 1 M H2O2 under microwave irradiation (700 W) for 4
min. The molecular mass was estimated by using Mark-Houwink-Kuhn-Sakurada’s equation
[11]. The sample contained 13.3% moisture and 2.60% ash content [12].
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2.2. Biological materials

Solanum tuberosum L. var. Spunta plants were grown to the seven-leaf stage under green-
house conditions at 18°C with 16:8 h light/dark cycles in a growth chamber. It has been de-
scribed as a susceptible genotype to P. infestans [13]. Expanded leaves from the third to the
sixth node of potato plants were excised at the stem [14] and used for detached leaflet as-
says. P. infestans race R2 R3 R6 R7 R9, mating type A2 was cultivated as described by An-
dreu et al. [15], Andreu et al. [16], and Lobato et al. [17]. F. eumartii was obtained from
Agricultural Experimental Station, INTA, Balcarce (Argentine). The fungus was grown as
described by Terrile et al. [18].

2.3. Chemical treatments and inoculations

Commercial Mancozeb (800 g kg−1) WP (Dow AgroSciences, Argentina) was used at 8 mg
ml−1 (8000 ppm) or at 0.08 mg ml−1 and 0.008 mg ml−1 in aqueous solution. Each solution was
sprayed with a hand-held spray separately, or in combination with 0.25 mg ml−1 LMWCh on
detached leaflets placed in Petri dishes. Controls were sprayed with distilled water. After
being sprayed, leaflets were incubated at 18°C with light intensity of 120 µmol photons m−2

s−1 with 16:8 h light/dark cycles in a growth chamber. Each treatment combination was test-
ed in a series of three independent trials.

After chemical treatments on detached leaflets, 10 µl of spore suspension containing 2 × 104

spores ml−1 was infiltrated in the center of the abaxial side of each lateral leaflets using a 1 ml
needleless syringe. Petri dishes with leaflets were sealed with parafilm to maintain 90–100%
relative humidity and incubated at 18°C. After 5 days, diameter of lesion area was measured
in each leaflet using the image-processing software ImageJ (NIH, Maryland, USA).

2.4. P. infestans sporangium germination assay

The sporangium germination assay was conducted as described by Mendieta et al. [19].

2.5. Measurements of F. eumartii spore germination

Determination of F. eumartii spore germination was performed as described by Mendieta et al.
[19].

2.6. Measurements of endogenous NO production in F. eumartii spores

Determination of endogenous NO production was monitored by incubating 107 spores ml−1 in
20 mM of HEPES-NaOH, pH 7.5, with different concentrations of LMWCh or LMWCh in
combination with NO-specific scavenger, 2-(4-carboxyphenyl)-4,4,5,5,-tetramethylimidazo-
line-1-oxyl-3-oxide (cPTIO, 1 mM) as described in Terrile et al. [18].

2.7. Cell death stain and fluorescence microscopy

F. eumartii spore suspension (2 × 105 spores ml−1) was incubated with different concentrations
of LMWCh for 16 h and 100% relative humidity at 25°C in the dark. SYTOX Green probe

Chitosan as Source for Pesticide Formulations
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(Molecular Probes, Thermo Fisher Scientific, USA) was added at a final concentration of 1 mM,
and detection of SYTOX Green uptake was done after 30 min of incubation with a Nikon Eclipse
E200 fluorescence microscope equipped with a B-2A Fluorescein filter set. SYTOX® Green
nucleic acid stain is a green-fluorescent nuclear and chromosome counterstain that penetrates
the compromised membranes characteristic of dead cells.

2.8. Protein extraction and western blot assay

Total proteins from potato leaflets were extracted as described by Terrile et al. [18]. Protein
samples were boiled for 5 min and running on SDS-PAGE 12% polyacrylamide gels according
to the method of Laemmli [20]. Proteins were transferred onto nitrocellulose using a semi-dry
blotter (Invitrogen, USA) [21]. Immunodetection was performed using polyclonal antibodies
raised against chitinase [22].

2.9. Statistical analysis

Treatments were established in a randomized complete block design, typically with four to
seven treatments in each trial. The values shown in each figure are mean values ± SD of at least
three experiments. Data were subjected to analysis of variance (one-way ANOVA), and post
hoc comparisons were done with Tukey’s multiple range test at p < 0.05 level. SigmaStat 3.1 was
used as the statistical software program. Limpel’s formula as described by Richer [23] was used
to determine synergistic interactions between LMWCh and Mancozeb. This formula corre-
sponds to Ee = X + Y − (XY. 10−2), in which Ee is the expected effect from additive response of
two treatments, and X and Y are the percentages of inhibition of germination relative to each
agent used alone. Thus, if the combination of the two agents produces any value of inhibition
of germination greater than Ee, the synergism does exist [24].

3. Results

3.1. LMWCh exerts antimicrobial action on P. infestans and F. eumartii.

The high water solubility and easy handling for agricultural application make LMWCh an
attractive compound to deepen on its properties in the control of plant diseases. In this
work, we hypothesized that LMWCh exerts protection against biotic stress in Solanaceae
species, and in turn, it can be used in combination with reduced doses of Mancozeb (hun-
dred times less than recommended dosage) for utilization in putative safer formulations.
With the intention to move in that direction, we characterized the antimicrobial properties
of LMWCh on P. infestans and F. eumartii as phytopathogen models of potato and tomato,
respectively. LMWCh exerted inhibitory activity on germination of both P. infestans and F.
eumartii in a dose-dependent mode (Figure 1). The estimated IC50 value (the concentration
needed to inhibit half of the maximum spore germination) was IC50 = 0.1 µg ml−1 LMWCh
and IC50 = 130 µg ml−1 LMWCh for P. infestans and F. eumartii, respectively.

Biological Activities and Application of Marine Polysaccharides6



(Molecular Probes, Thermo Fisher Scientific, USA) was added at a final concentration of 1 mM,
and detection of SYTOX Green uptake was done after 30 min of incubation with a Nikon Eclipse
E200 fluorescence microscope equipped with a B-2A Fluorescein filter set. SYTOX® Green
nucleic acid stain is a green-fluorescent nuclear and chromosome counterstain that penetrates
the compromised membranes characteristic of dead cells.

2.8. Protein extraction and western blot assay

Total proteins from potato leaflets were extracted as described by Terrile et al. [18]. Protein
samples were boiled for 5 min and running on SDS-PAGE 12% polyacrylamide gels according
to the method of Laemmli [20]. Proteins were transferred onto nitrocellulose using a semi-dry
blotter (Invitrogen, USA) [21]. Immunodetection was performed using polyclonal antibodies
raised against chitinase [22].

2.9. Statistical analysis

Treatments were established in a randomized complete block design, typically with four to
seven treatments in each trial. The values shown in each figure are mean values ± SD of at least
three experiments. Data were subjected to analysis of variance (one-way ANOVA), and post
hoc comparisons were done with Tukey’s multiple range test at p < 0.05 level. SigmaStat 3.1 was
used as the statistical software program. Limpel’s formula as described by Richer [23] was used
to determine synergistic interactions between LMWCh and Mancozeb. This formula corre-
sponds to Ee = X + Y − (XY. 10−2), in which Ee is the expected effect from additive response of
two treatments, and X and Y are the percentages of inhibition of germination relative to each
agent used alone. Thus, if the combination of the two agents produces any value of inhibition
of germination greater than Ee, the synergism does exist [24].

3. Results

3.1. LMWCh exerts antimicrobial action on P. infestans and F. eumartii.

The high water solubility and easy handling for agricultural application make LMWCh an
attractive compound to deepen on its properties in the control of plant diseases. In this
work, we hypothesized that LMWCh exerts protection against biotic stress in Solanaceae
species, and in turn, it can be used in combination with reduced doses of Mancozeb (hun-
dred times less than recommended dosage) for utilization in putative safer formulations.
With the intention to move in that direction, we characterized the antimicrobial properties
of LMWCh on P. infestans and F. eumartii as phytopathogen models of potato and tomato,
respectively. LMWCh exerted inhibitory activity on germination of both P. infestans and F.
eumartii in a dose-dependent mode (Figure 1). The estimated IC50 value (the concentration
needed to inhibit half of the maximum spore germination) was IC50 = 0.1 µg ml−1 LMWCh
and IC50 = 130 µg ml−1 LMWCh for P. infestans and F. eumartii, respectively.

Biological Activities and Application of Marine Polysaccharides6

Figure 1. LMWCh affects germination of reproductive structures in phytopathogenic microorganisms. P. infestans spor-
angia (A) and F. eumartii spores (B) were incubated with different concentrations of LMWCh for 16 h and 100% relative
humidity at 18°C in the dark. Scale bar: 30 µm (A) and 25 µm (B). Values are the mean (±SD) of three independent
experiments.

Figure 2. LMWCh induces NO production in F. eumartii spores. Spore suspension was incubated with different concen-
trations of LMWCh in combination with the NO scavenger, cPTIO for 16 h. Then, the suspension was loaded with the
NO-specific fluorescent probe DAF-FM DA, and the fluorescence was determined in a fluorometer. Data are expressed
as the fold increase with respect to the control. Values are the mean (±SD) of at least three independent experiments.
Different letters indicate statistically significant differences (Tukey’s test, p < 0.05).

In turn, due to the easy handle and reproducibility, F. eumartii was used to characterize
LMWCh-mediated biological action. NO-specific fluorophore diaminofluorescein-FM diace-
tate (DAF-FM DA) was assayed to compare endogenous NO production in LMWCh- and non-
treated spores as a biomarker of cytotoxicity (Figure 2) [18]. Exogenous LMWCh application

Chitosan as Source for Pesticide Formulations
http://dx.doi.org/10.5772/65588

7



ranging from 0.25 to 2.5 mg ml−1 induced NO production indicating a dose-dependent
LMWCh-mediated effect on F. eumartii spores. Since DAF-FM DA fluorescence was signifi-
cantly reduced in the presence of the NO scavenger, cPTIO, we propose that endogenous NO
production is a downstream event upon LMWCh treatment in fungal spores.

Figure 3. LMWCh treatment induces cell death in F. eumartii spores. Fungal spores were exposed to different concen-
trations of LMWCh for 16 h and then incubated with the fluorescent probe SYTOX Green. (A) Dead cell was visualized
as green fluorescence. Pictures show general phenomena representative of at least three individual experiments. A
bright field image for each treatment is shown below fluorescent images. Scale bar: 25 µm. (B) Quantification of fluo-
rescent spores. Values are the mean (±SD) of at least three independent experiments. Different letters indicate statisti-
cally significant differences (Tukey’s test, p < 0.05).

SYTOX Green dye is often used to distinguish between live and dead cells. The fluorescence
emission of SYTOX Green stain was measured in the presence of increasing concentrations of
LMWCh. A substantial enhancement was measured in 0.25 and 2.5 mg ml−1 LMWCh-treated
spores (Figure 3).
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Figure 4. LMWCh plus Mancozeb have a synergistic action on F. eumartii spore germination. F. eumartii spores were
incubated with different concentrations of LMWCh, Mancozeb, or a combination of both, for 16 h and 100% relative
humidity in the dark. (A) Pictures show general phenomena representative of at least three individual experiments.
Scale bar: 25 µm. (B) Quantification of spore germination. Values are the mean (±SD) of at least three independent ex-
periments. Different letters indicate statistically significant differences (Tukey’s test, p < 0.05).

Then, LMWCh at 0.025 and 0.25 mg ml−1 and Mancozeb at 10−1 and 10−2 dilutions from the
recommended field dosage were tested on fungal spore germination (Figure 4). Compared
with control, the combination of suboptimal doses of 0.025 mg ml−1 LMWCh and 0.008 mg
ml−1 Mancozeb had a remarkable inhibitory activity on spore germination (Figure 4). The
treatment with the combined solution resulted in a synergistic effect in the reduction of
spore germination. According to Limpel’s formula, the Eevalue calculated for percent reduc-
tion of germinated spores using LMWCh and Mancozeb alone and their combination was
61.51%. Thus, we proposed that the mixture of LMWCh and Mancozeb exerted a synergistic
effect on germination of F. eumartii spores.

3.2. LMWCh potentiates Mancozeb effect and protects against late blight in potato

The effect of LMWCh and Mancozeb treatments, alone or in combination, to control late blight
in potato was tested. Meanwhile, single treatments revealed no significant differences, and the
combined treatment of 0.25 mg ml−1 LMWCh and 0.08 mg ml−1 Mancozeb evidenced a
reduction of at least sixfold in the late blight symptoms on potato leaflets (Figure 5).
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Figure 5. LMWCh and Mancozeb protect plant from microbial attack. Potato leaves were pretreated with 0.25 mg ml−1

LMWCh, 0.08 mg ml−1 Mancozeb or a combined solution of LMWCh and Mancozeb and then inoculated with P. infes-
tans. (A) Representative images from leaflets at 5 days upon P. infestans inoculation. (B) Quantification of lesion area;
100% represents the total area in each leaflet. Values are the mean (±SD) of at least three independent experiments.
Different letters indicate statistically significant differences (Tukey’s test, p < 0.001).

Figure 6. LMWCh and Mancozeb activate plant defense responses. Potato leaves were pretreated with 0.25 mg ml−1

LMWCh, 0.08 mg ml−1 Mancozeb, or the combined solution of LMWCh and Mancozeb. Western blot analysis was as-
sayed with antichitinase antibody (upper panel). Ponceau staining was used as loading control (lower panel). Picture is
representative of two independent experiments.

With the aim to provide broader evidence on LMWCh-mediated mechanism, we assayed its
elicitor properties in potato plants (Figure 6). Chitinases, the well-known pathogenesis-related
proteins used as defense markers, are constitutively expressed at low levels, but highly induced
by biotic stresses in potato leaves [22, 25]. Meanwhile, the 32 kDa chitinase was only detected
at very low level in control; it moderately increased in Mancozeb-treated leaflets and was
remarkably high in LMWCh-treated leaflets. Otherwise, the highest levels of chitinase isoforms
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were detected in potato leaflets upon LMWCh and Mancozeb treatment. Particularly, in the
presence of LMWCh, the level of a third 27 kDa isoform was increased, suggesting that specific
defense proteins are elicited by LMWCh in potato tissues (Figure 6).

4. Discussion

LMWCh was effective as an antimicrobial compound on spores from both P. infestans and F.
eumartii under assayed conditions. As spores were treated with LMWCh, the SYTOX Green
signal went up. The fact that NO production has been postulated as stress signals and is
detected in LMWCh-treated spores allowed us to suggest that it probably downstream
modulates cell toxicity in F. eumartii [18]. The combination of LMWCh and Mancozeb had a
synergistic effect in reducing spore germination and also remarkably induced chitinase
accumulation in potato leaflets. The sensitivity to LMWCh as judged by its estimated IC50

values on the reduction of germination was higher in the oomycete than in fungal spores. The
inhibition of P. infestans [26] and fungal growth by chitosan has been extensively demonstrat-
ed [7, 18, 27–29]. Thus, the positive effect of LMWCh on the control of late blight might derive
from the combination of its antimicrobial and eliciting properties.

In this work, we demonstrated that the addition of LMWCh to an ineffective Mancozeb dose
became a highly effective treatment to control late blight. The synergistic effect of LMWCh
and commercially synthetic fungicides has been showed on Botrytis cinerea, Alternaria brassi-
cicola, and Muocor piriformis [30]. The combination of chitosan and ethanol in reduced doses
showed an effective control of gray mold [31]; however, the mechanism of action has not
still been elucidated. Due to the intrinsic polycationic chemistry of chitosan, we speculated
that LMWCh might modify cell membrane permeability [32] and in turn facilitate the up-
take of Mancozeb when both compounds are applied simultaneously, on plant tissues. In
our work, consistent with the less damage, a potentiated accumulation of three chitinase
isoforms was detected on potato leaflets, allowing us to suggest that LMWCh and Manco-
zeb might activate natural defense mechanisms and maximize the known action of chitosan
as plant elicitor [33]. Similar accumulation patterns were also obtained in tomato seedlings
subjected to identical treatments (data not shown). In addition to chitinases, the host de-
fense responses elicited by chitosan might include glucanase activation, cell wall lignifica-
tions, phytoalexin biosynthesis, and generation of reactive oxygen species, among others
[33]. Majid et al. [34] demonstrated that Mancozeb induces antioxidant compounds in Cassia
angustifolia Vahl. Considering that the antioxidant metabolism is also activated during the
plant defense response and adding the fact that chitosan is a suitable candidate to enhance
antioxidative enzymes activities [35], we also speculated that summative antioxidant activi-
ty might be exerted by Mancozeb and LMWCh on the plant tissue. Since at least two de-
graded metabolites, ETU and ethylene urea from Mancozeb, have been found on potato
tissue [36], we cannot rule out that Mancozeb derivatives also had action on potato defense
mechanisms. It has also been accepted that the risk of P. infestans resistance against Manco-
zeb is rather low [37]. Thus, chitosan applied in combination with Mancozeb could repre-
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sent a useful strategy with additional advantages within environmental-friendly plant
protection strategies.

5. Conclusion

In summary, water-soluble LMWCh is an effective antimicrobial compound on spores from
both P. infestans and F. eumartii. NO is a downstream stress signal mediating LMWCh cyto-
toxicity in spores. In addition, the combination of LMWCh and the synthetic fungicide
Mancozeb showed an effective control late blight in potato leaflets. However, major studies
are needed on new agro-inputs and environmental science to provide the conditions for the
use of more eco-friendly pesticide formulations in plant crops.
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Abstract

In recent years, environmental-friendly measures have been developed for managing 
crop diseases as alternative to chemical pesticides, including the use of natural com-
pounds such as chitosan. In this chapter, the common uses of this natural product in 
agriculture and its potential uses in plant disease control are reviewed. The last advanced 
researches as seed coating, plant resistance elicitation and soil amendment applications 
are also described. Chitosan is a deacetylated derivative of chitin that is naturally pres-
ent in the fungal cell wall and in crustacean shells from which it can be easily extracted. 
Chitosan has been reported to possess antifungal and antibacterial activity and it showed 
to be effective against seedborne pathogens when applied as seed treatment. It can form 
physical barriers (film) around the seed surface, and it can vehicular other antimicrobial 
compounds that could be added to the seed treatments. Chitosan behaves as a resistance 
elicitor inducing both local and systemic plant defence responses even when applied 
to the seeds. The chitosan used as soil amendment was shown to give many benefits to 
different plant species by reducing the pathogen attack and infection. Concluding, the 
chitosan is an active molecule that finds many possibilities for application in agriculture, 
including plant disease control.

Keywords: chitosan, seed treatment, soil amendment, plant resistance elicitation, 
induced defence, elicitor

1. Introduction

The control and management of crop plants diseases has always been considered a sub-
ject of great interest for the huge economic losses associated with them. For many years, 
the control of pathogens has been performed mainly through the application of chemical 
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 pesticides, due to their easy application, the relatively low cost and the broad spectrum of 
action. Pesticides application for crop defence has been widely used since post-war years 
and led to a large yield growth in agriculture, contributing to economical development, 
reducing endemic diseases and protecting/restoring plantations, forests, harvested wood 
products [1]. In fact, plant diseases represent a critical problem to successful production. 
Agricultural productivity has demonstrated to get benefits from the utilization of pesticides 
both at quantitative and healthy level, e.g. when pesticides are properly used, they con-
tribute to the higher production and quality characteristics of crops. However, the advan-
tages in their use comprise several drawbacks problems related to two main aspects: the 
human health and the environmental impact. In fact, the chemical plant protection prod-
ucts, including even copper that is allowed in organic agriculture, are mostly toxic, persis-
tent, bio-accumulative and extremely harmful not only for human health, but also for many 
living organisms [2]. Pesticides can contaminate environmental matrices coming up the 
aquifer [3], causing direct and permanent damage to the ecosystem. In addition, there is the 
real possibility that their residues can get into the food chain of consumers [4]. The massive 
use of these chemical substances has also favoured the emergence of resistance phenomena 
in the major crop pests [5] and the contemporary disappearance of many pests’ natural 
enemies, such as bumblebees, butterflies and bees [6].

The pesticides application and their related effects constitute a topic of major concern, so 
that, according to the new Europe directive in favour of a sustainable agriculture, many 
plant protection products currently in use will be replaced with lower environmental 
impact substances. For this reason, many scientific works and researches have been focused 
in developing alternative approaches to the use of pesticides for managing crop diseases, 
through experimentations that have followed different paths including physical methods 
[7] integrated pest management and biological control [8]. A promising approach consists 
in the use of natural compounds such as plant extracts and their active principles (alka-
loids, phenols, monoterpenes and sesquiterpenes, isoprenoids), which have been studied 
for their various antifungal, antibacterial and antioxidant properties [9–11] and animal 
derived compounds like chitosan. It has proved to be very interesting for controlling plant 
diseases [12]. In fact, it has been shown both to possess a broad-spectrum antimicrobial 
activity against several phytopathogenic organisms and to induce numerous biological 
responses in plants [13].

2. Chitosan

Chitosan is a linear polysaccharide that can be obtained from the deacetylation of chitin, a 
long-chain polymer of N-acetyl-glucosamine present and easily extracted from fungal cell 
wall and crustacean shells (Figure 1). From a practical viewpoint, the shells of marine crus-
taceans such as crabs and shrimps are very affordable for a commercial production of chitin. 
They represent a practical challenge because they are available as waste from the seafood pro-
cessing industry. Recent advances in fermentation technologies suggest that the cultivation of 
selected fungi can provide an alternative source of chitin and chitosan [14].
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In addition to its low cost production, chitosan also possesses other biological properties such 
as non-toxicity, biocompatibility and biodegradability, which make chitosan a sustainable 
and eco-friendly molecule.

Chitin is the second renewable carbon source after lignocelluloses biomass and, in fact, 
about 1600 tons of chitin are annually produced [15]. For industrial production, solid chitin 
is soaked in 40–50% (w/v) NaOH. This process removes more than 80% of the acetyl resi-
dues and converts N-acetyl-D-glucosamine into β-1,4-D-glucosamine. Complete deacety-
lation is possible by repeating the alkaline treatment. Therefore, the term “chitosan” is 
not uniquely related to a defined compound, but to a group of commercially available 
copolymers that are heterogeneous for deacetylation degree, molecular mass, polymeriza-
tion degree and acid dissociation constant (pKa value) [13]. These different characteristics, 
in particular the degree of deacetylation and the molecular weight, influence the physic-
chemical properties (including viscosity and solubility), and they have a direct influence 
on the biological properties of the substance and the effects in plants and pathogens.

All these characteristics make chitosan very useful for several industrial applications, 
namely cosmetology, food, biotechnology, pharmacology, medicine and, more recently, 
agriculture [16].

Based on the current state of research and progress in agriculture, this chapter will consider 
the potential uses of this natural compound in plant disease control, based mainly on a dual 
mode of action involving a direct antimicrobial activity and an indirect resistance induction 
that elicit several defence responses in the plants. The upgrading of the plant defence mecha-
nisms against pathogen represents a very innovative approach for crop protection [15], and it 
will be described separately. Moreover, the last advanced researches such as seed treatment 

Figure 1. The structure of the molecules of chitin (β-(1-4)-N-acetyl-D-glucosamine) and chitosan (β-(1-4)-D-glucosamine) 
that results from the partial deacetylation of chitin.
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and soil amendment applications will be described. Postharvest fruit application will not be 
included because extensively discussed in the literature [17].

2.1. Antimicrobial activity

One of the most studied proprieties of chitosan is its high antimicrobial activity against a wide 
variety of microorganisms such as fungi, bacteria and viruses (Table 1). An antimicrobial 
substance is defined as a substance that kills or inhibits the growth of microorganisms [18].

A broad spectrum fungicidal activity of chitosan has been described: it inhibits in vitro 
fungal growth of many pathogenic fungi, for example, Botrytis cinerea, Alternaria alternata, 

Colletotrichum gleosporoides and Rhizopus stolonifer. The inhibition was observed at different 
pathogen development stages such as mycelial growth, sporulation, spore viability and ger-
mination, and on the production of fungal virulence factors [14]. Moreover, the antifungal 
activity was also demonstrated in vivo in many different plant-pathogen systems, such as 
in pear against A. kikuchiana and Physalophora piricola [19], in grapevine and in strawberry 
against B. cinerea [20, 21], and in dragon fruit against C. gleosporoides [22]. In rice, the antifun-
gal activity against R. solani was further demonstrated by transmission electron microscope 
observations and pathogenicity testing [23].

Chitosan also prevents the growth of several pathogenic bacteria including Xanthomonas [24], 
Pseudomonas syringae [25] Agrobacterium tumefaciens and Erwinia carotovora [26]. However, the 
antimicrobial effectiveness of chitosan seems to be higher against fungi than bacteria [27], and 
among bacteria often been higher against Gram-positive than Gram-negative ones, even if 
this efficiency is somewhat controversial. This could be explained by the different structure of 
the bacteria surface and cell wall composition [28].

Besides these activities, chitosan is able to inactivate the replication of viruses and viroids thus 
limiting their spread [29], even though relatively few research studies on its antiviral activity 
have been reported [30].

The exact mechanism of the direct antimicrobial action of chitosan is still ambiguous, and dif-
ferent mechanisms have been proposed and described [14, 28], but none of them are mutually 
exclusive. The main mode of action proposed is related to its cationic properties [31] hypothesis 
supported by the lack of antifungal activity of uncharged chitin oligomers [32]. In fact, unlike 
chitosan, the polymeric form of chitin is naturally uncharged, and it does not show substantial 
antimicrobial activity. Basing on this model, the positive charges on the chitosan molecules 
interact with negatively charged pathogen surfaces (electrostatic interactions); this leads to the 
cell structure destruction, causing an extensive cell surface alterations and increasing mem-
brane permeability [33–35]. Another proposed mechanism involved the alteration of cell perme-
ability by chitosan that includes its deposition onto the pathogen cell surface, and consequent 
creation of an impermeable polymeric layer that prevents the uptake of nutrients in the cell, and 
in the meantime changes of the metabolite excretion in the extracellular matrix [28].

Chitosan is also able to chelate some essential nutrients, metal ions and trace elements neces-
sary for bacterial and fungal growth [12, 28], inhibiting thereby toxin production and micro-
bial growth [36].
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2.2. Plant resistance elicitation

All plants, whether they are resistant or susceptible, respond to pathogen attack by the induc-
tion of a coordinate signalling system, which results in the accumulation of different gene 
products. The responses to pathogen attack are effective at different levels: at first, the patho-
gen recognition leads to the development in the plant of a rapid localized cell death, also 
known as the hypersensitive response (HR), that causes necrosis at the site of infection (local 
response). Then, even in uninfected parts of the plants, a systemic expression of a broad spec-
trum and long-lasting resistance against further pathogen infection is triggered. This leads 
to the production of reactive oxygen species (ROS), the activation of defence-related genes 
as well as an enhanced expression of genes related to the production of molecules, such as 
phytoalexins, terpens, pathogenesis-related (PR) proteins and many enzymes involved in 
defence mechanisms (phenylalanine ammonia-lyase [PAL], polyphenol-oxidases [PPOs] and 
peroxidases such as guaiacol-peroxidase (G-POD) and ascorbate peroxidase [APX]) [37–39].

The signals able to trigger the defence mechanisms in plants are called elicitors, and they can 
be produced in the site of infection both by infected plant cells (endogenous elicitors, released 
by the plants upon contact with the pathogen) and by the pathogen itself (exogenous patho-
genic elicitors). They consist of several compounds including oligosaccharides, lipids, pep-
tides and proteins, and they are capable, even at low concentrations, to act as signal molecules 
inducing the plant to trigger the defensive responses [40]. The elicitors, once recognized by 
transmembrane receptors of plant cells, induce an immune response, both locally (around the 
infection site/application) and systemic, through the translocation of signalling molecules in 
distal tissues [41]. The increasing knowledge of the mechanisms underlying the plant response 
to pathogen attacks has supported the idea that it is possible to achieve a broad-spectrum 
disease control and an increased protection against virulent pathogens by artificially inducing 
the plant’s own resistance mechanisms using substances with elicitor function. It is now well-
documented that treatment of plants with various eliciting agents leads to an induced resis-
tance against subsequent pathogen attacks, both locally and systemically. Therefore in order 
to enhance plant resistance in agriculture the use of elicitors is becoming a very attractive and 
eco-friendly tool that could provide efficient alternatives to the usage of chemical pesticides for 
managing plant diseases, thus reducing their environmental negative impacts.

Moreover, it is known that chitosan at low molecular weight acts as a potent biotic elicitor, 
able to induce plant defence responses and to activate different pathways that increase the 
crop resistance to diseases [13, 15, 28, 42, 43]. The most studied plant responses to chitosan 
treatment are the formation of chemical and mechanical barriers and the synthesis of new 
molecules and enzymes involved in the defence response [15, 37]. In some cases, chitosan 
causes the induction of the hypersensitive response, mainly around the infection site, that 
leads to the programmed cell death [44]. This hypersensitive response can be followed by 
systemic response of the plant defence mechanisms. These latter mainly include the synthesis 
and accumulation of secondary metabolites with active roles in defence: phenolic compounds 
such as lignin, callose, phytoalexins, PR proteins (pathogenesis-related proteins) and the 
modulation of the activity of key enzymes of metabolic pathways involved in the defensive 
response, such as the PAL, peroxidases and chitinase (Figure 2) [45–48].
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The mechanism of action of chitosan and the responses induced by the latter in plant-patho-
gen interaction is not yet entirely clear. As written above, the plant through transmembrane 
cell receptors recognizes the elicitors, but the specific receptor for the chitosan has not yet 
been identified [37]. Protein kinase cascades that may relay the signal to transcription fac-
tors (TFs) have not been identified as well. Various models have been proposed to explain 
the role of chitosan in the activation of plant defence genes. A proposed direct elicitation of 
gene activity in plant defence implicates chitosan/DNA interactions (Figure 2). The proposed 
predictive models assume that chitosan induces the activation of defence genes by modify-
ing the structure of DNA (chromatin remodelling) along with reductions in the architectural 
transcription factor high mobility group HMG A [43, 49] or by the interaction with the DNA 
polymerase complex [50].

The defensive responses that are induced by chitosan treatment may depend on the patho-
system and, even in the same crop, on numerous factors, including the type of treatment 
application (Table 1).

3. Chitosan seed treatments

In agriculture, "Seed treatments are the biological, physical and chemical agents and tech-
niques applied to seed to provide protection and improve the establishment of healthy 
crops" [International Seed Federation (ISF)]. It represents the first line of defence for seeds 

Figure 2. Some proposed effects of chitosan as elicitor of plant defence responses [43]. The cellular and molecular changes 
elicitated by chitosan can be summarized in: membrane depolarization, oxidative burst, influx and exit of ions such as 
Ca2+, activation of MAP-kinases, chromatin and DNA alteration, increase in PR gene mRNA, PR proteins synthesis, 
phytoalexins accumulation, lignification and callose deposition. TFs: transcriptional factors. HMG A: architectural 
transcription factor high mobility group. PR proteins: pathogenesis-related proteins.
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and  seedlings against pests infecting the seed teguments or living in the soil (seedborne and 
 soilborne pathogens). It provides protection during the critical stage of germination and the 
very first seedling development, when seeds and seedlings are unable to protect themselves 
from invasive pathogens [51]. The substance applied to the seeds can be of various nature 
such as chemical pesticides, biochemical substance, natural compounds [8, 52], and there are 
many different techniques that can be used for this purpose. Among them, seed coating and 
dressing represent a common procedure of seed treatment applied for preventing diseases 
and pests [53, 54] other than improving the seedling performances, i.e. the seedling emer-
gence time, synchronized emergence, improve germination percentage, emergence rate and 
yield in many field crops [52, 55–57].

The technique of seed dressing involves the application on the seed surface of thin layer of the 
active product, such as pesticides, fertilizers or growth promoters [57], often in combination 
with other additives. These other components may include colour (effective pigment), filming 
agents, surfactants or tackifiers. These products come in dry formulations as powders or liquid 
formulations are also available for sprays, dips, fluid drilling gels and solid matrix priming.

Chitosan represents an interesting prospective in this field because it could cover different 
aspects thanks to its variety of properties mainly related to the molecular weight [15]. The high 
molecular weight confers to chitosan biopolymer characteristics, so that it can be used as film, 
forming physical barriers (film) around the seeds preventing the pathogen infection [58, 59].

The low molecular weight chitosan posses high antimicrobial activity, which increases with 
weight decreasing, demonstrated against a wide variety of microorganisms such as bacteria, 
yeast and fungi [60, 61] even if some controversial evidences for a correlation between bacteri-
cidal activity and chitosan molecular weight have been found [62]. Thanks also to its ability to 
induce plant resistance, low molecular weigh chitosan has great potential as protector against 
diseases.

An interesting application on seed is the use of chitosan as film coating as a delivery system 
for fertilizers, plant protection products and micronutrients for crop growth promotion [13]. 
Chitosan in fact can vehicular and protect other antimicrobial compounds such as essential 
oils. Essential oils have demonstrated antimicrobic activity [10, 11, 63] but are very volatile 
and their incorporation into coating can ensure a better persistence of the active ingredient on 
the surface and maintain high concentration of active molecules [64].

For example, different kinds of chitosan seed coatings with or without essential oils like 
thyme (Thymus vulgaris) and tea tree (Melaleuca alternifolia) essential oils, incorporated at dif-
ferent concentrations and applied with different thickness, have been studied for controlling 
disease and reduce the risk of pathogen attack [65]. The treatment effectiveness in reducing 
fungal development was evaluated both on Fusarium spp. naturally infected wheat seeds and 
on seeds artificially infected with F. graminearum, one of the causal agents of root and foot rot 
in cereals (Figure 3). Results showed that coating treatment with essential oils reduced fungal 
growth on seeds without affecting germinability and lowered severity on seedlings at the first 
developing stages. Scanning electron microscope studies allowed to monitor the superficial 
structure stability of the coating treatment on seeds after the imbibition processes [65].
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Another main application of chitosan as seed treatment concerns the elicitation of the sys-
temic resistance in plants. Basing on recent evidences, chitosan, when applied as a seed treat-
ment, behaves as a resistance elicitor, inducing a physiologically enhanced defensive ability 
in seedlings and plants, whereby the plant’s innate defences are potentiated [45, 66]. Chitosan 
is able to cross the seed teguments, probably by diffusing through microscopic ruptures 
caused by the imbibition [67] and to interact with embryo cells, influencing the plant cellular 
metabolism in the following stages of development. Using radio labelled chitosan, it has been 
showed that the chitosan applied to seed is transferred to the emerging seedling during their 
development [68]. The major effects produced by the seed/chitosan interaction can be sum-
marize as follows: (a) the seeds germination index is enhanced, (b) the mean germination time 
and flowering time are reduced; (c) plant growth (e.g. shoot height, root length, and seedling, 
vegetative growth vigour) and biomass are increased [52]. In maize [69], rice [70] and wheat 
[71], the chitosan seed treatment increased the germination percentage and stress tolerance, 
and improved the vigour of the seedlings. In artichoke [53], chitosan seeds treatment resulted 
in a better growth of the seedlings (e.g. longer and better developed radicle and greener hypo-
cotyls) and lower chance of being infected by fungi in comparison with the untreated seeds. 
The observed growth improvement by chitosan could be also related to the incorporation of 
nutrients (nitrogen) from chitosan. Chitosan seed treatment is also able to increase the content 
of important resistance markers, like phenols and the activities of defence-related enzyme, 
thus improving the plant resistance. Biochemical analyses on durum wheat and sunflower 
confirmed the ability of chitosan to induce plant defence increasing PAL, PPO, peroxidases, 
and chitinase activities and phenolic content in seedling. The enhancement of these plant 
defence mechanisms suggests the activation of systemic resistance processes. Laboratory 
results on the chitosan-induced resistance were also confirmed under field and greenhouse 
condition, where an enhancement of the number of emerged plants (Figure 4) and a reduc-

Figure 3. Blotter test for seed health analysis after 7 days of incubation at 25°C of durum wheat seeds artificially infected 
with F. graminearum, one of the causal agents of root and foot rot in cereals. Seeds were then coated with a solution of 
chitosan and tea tree oil. The chitosan/tea tree oil treatment reduced significantly the fungal infection on seeds (right) 
compared with the inoculated and not treated seeds (left).
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tion in the disease severity (root and foot rot and downy mildew, respectively) were observed 
[45, 66]. Chitosan seed treatment also induced lignifications process, considered one of the 
first line of defences in plant-pathogen interaction: in chilli, the lignin content of seedlings 
obtained from chitosan-treated seeds was higher than that of untreated ones [72], thus giving 
to the plant a major protection against potentially penetration of invasive pathogen.

Chitosan seed treatment can also be effective in insect control because it stimulates plants 
to produce systemic antibodies with repellent effects on insect pests, as reported in soybean 
against Agrotis ypsilon, soybean pod borer and soybean aphid. The chitosan treatment devel-
oped an antifeedant rate of more than 80% against all these insects, together with increases in 
seed germination, plant growth and soybean yield [73].

4. Chitosan as soil amendment

As previously described, chitosan can be used in several ways to reduce plant disease levels 
and prevent the development and spread of diseases, thus preserving crop yield and qual-
ity. Chitosan as soil amendment was found to successfully decrease Fusarium wilt in several 
plant species [33, 74, 75]. Similar results were reported against Cylindrocladium floridanum [76], 
Alternaria solani [77] and Aspergillus flavus infections [78] after soil treatment with chitosan. 
Part of the observed effect of chitosan on the reduction in these pathogens comes from the 
fact that it enhances plant defence responses. It has been demonstrated that chitosan acts as 
an elicitor of plant systemic immunity by the accumulation of defence-related antimicrobial 
compounds, and it plays an important role in the activation of induced resistance [43]. For 
example, the innate immunity induction was observed in micropropagated kiwi plants after 
the addition of chitosan to the growth medium [46]. This includes the modulation of several 
enzyme activities, involved in detoxification processes as well as the increasing of the activity 
of enzymes involved in plant defence barriers (G-POD, APX, PAL and PPO) [46]. In addition, 
chitosan amendments were reported to induce callose formation, proteinase inhibitors and 
phytoalexin biosynthesis in many dicot species [79–81].

Figure 4. Parcels of field trial (Italy) sowed with durum wheat seeds cv. Simeto artificially infected with F. graminearum 
and then treated with chitosan (CH) or with a copper sulphate-based treatment (CU), commonly used as chemical 
treatment in organic farming. Chitosan treatment enhanced the number of emerged plants, if compared with no 
treatment (NT), as well as copper treatment.
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The amendment of soil with chitosan is eco-friendly, since in the soil chitosan can be 
degraded at a substantial rate, due to the enormous abundance and diversity of bacteria in 
most soils and the presumed presence of chitinases in a considerable fraction of the bacte-
rial populations. Chitin degradation is mainly a bacterial process [82–85]. However, it still 
remains unknown the wideness of chitinolytic process due to soil bacteria population with 
different chitin degradation and whether fungi can also play a major role in this process. 
Works on microbial community members hypothesized a role of chitin in stimulating bacte-
rial communities to a greater extent than the fungal ones [85, 86]. Among the bacteria genera 
isolated from chitin-treated soils, there were Streptomyces [86], Stenotrophomonas and Bacillus 
[87, 88]. However, due to the complexity of bacterial response in soil treated with chitin, the 
mechanisms behind the observed effects, in particular what are the active bacterial com-
munity, the timing of the chitinolytic activity and bacterial succession is still poorly under-
stood. Probably, members of the actinobacteria have a key role in the degradation of complex 
organic molecules like chitinosan in field [88, 89].

In field conditions, chitosan alters the equilibrium of the rhizosphere, disadvantaging micro-
bial pathogens and promoting the activity of beneficial microorganisms, such as Bacillus, 

Pseudomonas fluorescens, actinomycetes, mycorrhiza and rhizobacteria [90–93]. For instance, 
soil treatment with chitin and/or chitosan from shrimp waste has been shown to decrease 
the rate of infection of plant roots by nematodes [82, 84] and to enhance the suppressiveness 
against soilborne diseases [91]. Although not definitely proven in all cases, the mechanisms 
behind chitosan effectiveness are most often related to a change in the structure and/or activ-
ity of soil microbiota [94, 95]. Two hypotheses have been formulated regarding the response 
of the soil microbial communities to chitosan addition: (a) chitinolytic microorganisms, which 
are capable of hydrolyzing the chitinous hyphae of pathogenic fungi, increased their numbers 
and/or activities (b) secondary responders to the added chitosan have a detrimental activity 
against pathogens [96].

The beneficial effect of the chitosan seems to be linked not only to its impact on soil micro-
biota, but also on plant itself. Recently, an innovative bioremediation strategy uses the abil-
ity of chitosan to chelate minerals and other nutrients, making them more available for the 
uptake by the plant [97, 98]. This is important, since crop production is many times limited 
by low availability of essential mineral elements [99]. In agreement with this strategy, in Ref. 
[100], the effect of using chitosan oligosaccharides as a soil conditioner was demonstrated on 
the flowering and fruit growth of purple passion fruit. It was found that this soil conditioner 
increased significantly the numbers of flowers, fruit weight and juice production. The inclu-
sion of soluble chitosan to hydroponic fertigation streams also promoted the growth and final 
yield of hydroponically cultivated potato microtubers [101].

Thus, if chitosan can increase absorption of essential minerals, enhancing the plant’s nutri-
tional value (biofortification), it is possible that it can also help plants to take up higher 
concentrations of toxic elements. In fact, the ability of chitosan to chelate certain ions also 
makes it an interesting compound to be used in phytoremediation. In Refs. [102, 103], the 
remediation of metal contaminated soil using chitosan as soil amendment was shown to be 
possible (Table 1).
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Plant Disease/pathogen Activity/defence response Application References

Pear A. kikuchiana and 
P. piricola

Antifungal activity Growth medium 
addition and postharvest 
treatment on fruits

[19]

Grapevine 
Strawberry

B. cinerea Antifungal activity Growth medium 
addition and preharvest 
spray treatment

[20–21]

Dragon 
fruit

C. gleosporoides Antifungal activity Growth medium 
addition and spray 
treatment on plants

[22]

Rise R. solani Antifungal activity Growth medium 
addition, seed treatment 
and treatment on plants

[23]

Xanthomonas, 

P. syringae, A. 

tumefaciens and  
E. carotovora

Bacterial growth inhibition Growth medium 
addition and treatment 
on plants

[24–26]

Wheat Root and foot 
rot/F. graminearum

Enhancing of phenol content 
and G-POD, APX, PAL and 
PPO activities; decreased 
disease incidence

Seed treatment [45]

Kiwi Healthy plants Modulation of G-POD, APX, 
PAL and PPO activities

Growth medium 
addition

[46]

Maize Healthy plants Increased plant growth and 
biomass

Seed coating [52]

Artichoke Healthy plants Enhanced seedlings growth Seed coating [53]

Soybean Agrotis ypsilon, 
soybean pod 
borer and soybean 
aphid

Stimulation of systemic 
antibodies production with 
repellent effects

Seed treatment [73]

Sunflower Downy mildew/P. 

halstedii

PAL, PPO, peroxidases, 
and chitinase activities and 
phenolic content in seedling

Seed treatment [66]

Chilli Colletotrichum sp. Increased lignin content Seed treatment [72]

Tomato Fusarium 

oxysporum f. sp. 
radicis-lycopersici

Decreased disease severity Soil addition [74]

Celery Fusarium wilt Decreased disease severity Soil addition [75]

Purple 
passion 
fruit

Healthy plants Increased flowers number, 
fruit weight and juice 
production

Soil addition [100]

Potato Healthy plants Improved growth and final 
yield

Hydroponic fertigation [101]

Table 1. Listing of some possible applications of chitosan in agriculture and the related effects (activity and plant defence 
responces).

Chitosan in Agriculture: A New Challenge for Managing Plant Disease
http://dx.doi.org/10.5772/66840

27



5. Conclusion

The chitosan is an active molecule that finds many possible applications in agriculture 
with the aim of reducing or replacing more environmentally damaging chemical pesti-
cides. Although it is a good alternative even in conventional farming, chitosan applica-
tions would find interesting opportunities particularly in organic farming, disadvantaged 
by the lack of effective tools for managing biotic diseases. The plant disease control in 
organic farming, especially those caused by fungal and bacterial pathogen, is currently 
based on copper treatments. However, the research of an ecological alternative is manda-
tory because of the environmental impact problems related to the use of this heavy metal. 
Thus, chitosan could represent an innovative eco-friendly strategy for managing plant dis-
eases and replacing copper or reducing its use, thanks to its several properties such as 
those previously described. In fact, several studies have demonstrated the effectiveness of 
chitosan in protecting plants from biotic stresses by direct and/or indirect actions, but its 
interaction with pathogens and plants are still not fully understood. Chitosan application 
in the field, including formulation aspects, is one of the least studied issues and it needs 
further testing and validation.
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Abstract

Chitosan is a very useful marine polysaccharide that forms structural components in
the exoskeleton of crustaceans. In this chapter, the production of chitosan (CH) and
chitosan  reticulated  micro/nanoparticles  (CHM)  is  described.  Three  case  studies
corresponding  to  different  effective  applications  of  chitosan  are  discussed:  (i)  the
performance of CH to destabilize oil/water emulsion waste for water clarification. It was
observed that as long as colloidal charge was maintained around zero, turbidity also
showed low values and water clarification was achieved. However, when the applied
doses were higher than the optimum, colloidal charge and turbidity both increased,
showing emulsion restabilization. Emulsions treated with the optimum chitosan doses
were clarified in very short periods; (ii) CH and CHM were used as effective antibacterial
agents  against  three  different  pathogenic  microorganisms that  are  problematic  for
aquaculture: Vibrio alginolyticus and parahaemolyticus, and Lactococcus garvieae and the
minimum  bactericidal  concentrations  were  determined;  and  (iii)  the  removal  of
hexavalent chromium and the comparative performance of CH versus CHM. Results
showed that at pH < 2, the adsorption capacity of CHM was higher because CH is
unstable.  Additionally,  Cr(VI)  was  adsorbed  on  CH without  further  reduction;  in
contrast, Cr(VI) adsorbed on CHM was reduced to nontoxic Cr(III).

Keywords: chitosan, coagulation, flocculation, antimicrobial properties, aquaculture,
hexavalent chromium removal, micro and nanoparticles

1. Introduction

The largest group of marine arthropods is the class crustacean, made up of approximately
30,000  species.  Marine  crustaceans  include  animals  as  shrimp,  crabs,  lobsters,  etc.  The

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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crustaceans have particular biological characteristics; they have an exoskeleton made of the
polysaccharide chitin and calcium. This external shell, in addition to being protective, gives
rigid support for the attachment of the muscles. When crustaceans grow, their outer shell, the
exoskeleton, does not grow with them, so they must regularly shed these shells in order to
increase in size. This process is known as molting; it occurs periodically whenever the body
is ready to increase in height and weight, and involves the detachment of the exoskeleton [1].
Chitin, poly β-(1-4)-N-acetyl-D-glucosamine, is a natural polysaccharide synthesized by an
enormous number of living organisms. Considering the amount of chitin produced annually
in the world, it is the most abundant polymer after cellulose. Chitin occurs in nature as ordered
crystalline microfibrils forming structural components in the exoskeleton of arthropods, like
crustaceans, or in the cell walls of fungi and yeasts and in the pens of squids [2]. Crustaceans
are of  great  direct  and indirect  importance to humans.  The larger crustaceans (shrimps,
lobsters and crabs) are used as food throughout the world and are therefore important to
human economies. However, seafood processing industry discards large amounts of crusta-
cean shellfish wastes; exoskeletons are converted in a solid residue, which accumulate in
landfills becoming an environmental pollutant. The crustacean processing industries over the
world turn out more than 60,000 ton of waste every year [3]. The exoskeleton of the crustaceans
represents approximately 50–60% of the total weight in crabs and between 35 and 50% in
shrimps.  These  crustacean  wastes  contain  about  10–25%  of  chitin  on  dry  weight  basis,
depending on the species. The proper utilization of these shell wastes not only solves the
problem of their disposal but also forms the basis for many potential products used in different
fields such as textiles, photography, medicine, agriculture, food processing, etc. Despite the
widespread occurrence of chitin, up to now the main commercial sources of chitin have been
crab and shrimp shells [4]. Chitosan (poly β-(1-4)-D-glucosamine) is a cationic linear polysac-
charide obtained by partial deacetylation of chitin (Figure 1). It is composed of randomly
distributed β-(1-4)-linked D-glucosamine (deacetylated unit)  and N-acetyl-D-glucosamine
(acetylated unit). The cationic nature of chitosan is owed to the free amino groups left by partial
removal of acetyl groups of chitin. Chitosan is a nontoxic, biocompatible and biodegradable
polysaccharide  with  many  biomedical,  chemical,  agriculture  and  wastewater  treatment
applications [3], and represents an attractive alternative to other biomaterials because of its
physico-chemical characteristics, chemical stability, high reactivity and excellent chelation
behavior. Chemical and physical modifications of chitosan have been used to increase the
stability of the polymer and to improve its functionality. In the last years, the production of
chitosan nanoparticles (CHM) was investigated in different scientific areas as carriers of drugs,
antifungal and antibacterial agents and metal bioadsorbents [5–7].

The major global producers of chitosan are Japan and the US as well as China, India, Australia,
Poland and Norway [8].

In the present chapter, chitosan obtained from shrimp exoskeletons and chitosan micro/
nanoparticles were tested in different applications. Three case studies are described: destabi-
lization and clarification of emulsified wastewater, antimicrobial activity in aquaculture and
removal of heavy metals from residual water.
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crustaceans, or in the cell walls of fungi and yeasts and in the pens of squids [2]. Crustaceans
are of  great  direct  and indirect  importance to humans.  The larger crustaceans (shrimps,
lobsters and crabs) are used as food throughout the world and are therefore important to
human economies. However, seafood processing industry discards large amounts of crusta-
cean shellfish wastes; exoskeletons are converted in a solid residue, which accumulate in
landfills becoming an environmental pollutant. The crustacean processing industries over the
world turn out more than 60,000 ton of waste every year [3]. The exoskeleton of the crustaceans
represents approximately 50–60% of the total weight in crabs and between 35 and 50% in
shrimps.  These  crustacean  wastes  contain  about  10–25%  of  chitin  on  dry  weight  basis,
depending on the species. The proper utilization of these shell wastes not only solves the
problem of their disposal but also forms the basis for many potential products used in different
fields such as textiles, photography, medicine, agriculture, food processing, etc. Despite the
widespread occurrence of chitin, up to now the main commercial sources of chitin have been
crab and shrimp shells [4]. Chitosan (poly β-(1-4)-D-glucosamine) is a cationic linear polysac-
charide obtained by partial deacetylation of chitin (Figure 1). It is composed of randomly
distributed β-(1-4)-linked D-glucosamine (deacetylated unit)  and N-acetyl-D-glucosamine
(acetylated unit). The cationic nature of chitosan is owed to the free amino groups left by partial
removal of acetyl groups of chitin. Chitosan is a nontoxic, biocompatible and biodegradable
polysaccharide  with  many  biomedical,  chemical,  agriculture  and  wastewater  treatment
applications [3], and represents an attractive alternative to other biomaterials because of its
physico-chemical characteristics, chemical stability, high reactivity and excellent chelation
behavior. Chemical and physical modifications of chitosan have been used to increase the
stability of the polymer and to improve its functionality. In the last years, the production of
chitosan nanoparticles (CHM) was investigated in different scientific areas as carriers of drugs,
antifungal and antibacterial agents and metal bioadsorbents [5–7].

The major global producers of chitosan are Japan and the US as well as China, India, Australia,
Poland and Norway [8].

In the present chapter, chitosan obtained from shrimp exoskeletons and chitosan micro/
nanoparticles were tested in different applications. Three case studies are described: destabi-
lization and clarification of emulsified wastewater, antimicrobial activity in aquaculture and
removal of heavy metals from residual water.
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Figure 1. Chitin and chitosan.

2. Chitin and chitosan production and characterization

Shrimps shells (Pleoticus muelleri) were used for the extraction of chitin and chitosan. The shells
were provided by the industry from Puerto Madryn, Patagonia, Argentina. Crude shrimp
chitin was purified using acid and alkaline treatments, according to Dima et al. [9]. The
exoskeleton powder was treated with HCl solutions to remove minerals and then treated with
aqueous sodium hydroxide solution to remove proteins. The solid was washed with deionized
water to reach neutral pH. Finally, the wet mass was dried at 65°C for 24 h; the product obtained
was designated as chitin. Chitin was treated with concentrated sodium hydroxide solution at
120°C. After filtration, particles were washed with deionized water to neutral pH and dried at
65°C for 24 h, obtaining chitosan particles.

The yield of purified chitin was 24.8%, and this value was into the range reported by different
authors [10, 11]. After N-deacetylation, the yield of shrimp chitosan represented the 76.9% of
the initial crude chitin. The degree of N-deacetylation and the molecular weight were meas-
ured to characterize the obtained chitosan.

The N-deacetylation degree (DD%) of shrimp chitosan samples was determined using the
potentiometric technique and Fourier transform infrared spectra (FTIR). The DD% by the
potentiometric technique was determined according to Broussignac [12]. A sample of chitosan
was mixed with 0.3 mol/L HCl. Potentiometric evaluation was carried out with a 0.1 mol/L
NaOH solution, using a pH meter. The potentiometric curves were obtained by measuring the
change in pH after each 2 mL addition of base solution. The titration curve shows two inflection
points (Figure 2a); the difference between these points corresponds to the amount of acid
required to protonate the amino groups of chitosan. The percentage of N-deacetylation was
determined according to the following expression:
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where Meq = (NΔV)/w; ∆V is the volume difference between both inflection points, N is the
normality of NaOH solution, w is the chitosan mass used; 203 is the molar mass of glucosamine
and 42 is the molar mass of the acetyl group.

Figure 2. (a) Potentiometric titration curve for shrimp chitosan. Peaks correspond to the inflection points of the titration
curve. (b) FTIR spectrum of CH obtained from shrimp.

For the determination of the degree of N-deacetylation by FTIR, chitosan was mixed with
potassium bromide and compressed into pellets. The absorbances at 1320 and 1420 cm−1 were
used to calculate the DD% according to the following equation proposed by Brugnerotto et al.
[13]:
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Figure 2b shows the FTIR spectrum of shrimp chitosan; different characteristic bands can be
observed: at 3450 cm−1 (  and  stretching vibrations), 2918 and 2852 cm−1 (tension group
C-H), 1721 cm−1 (C=O carbonyl group), 1618 cm−1 (amine group), 1326 cm−1 (amide III),
1382 cm−1 (─CH3 symmetrical deformation mode (scissoring) in amide group). The N-
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deacetylation degree calculated by the potentiometric technique was 90.2% and by FTIR was
86.3%; these values fall into the range of commercial chitosan. The degree of deacetylation
necessary to obtain a chitosan product must be 65% or higher [14, 15].

The molecular weight of chitosan was determined by the viscometric method. The intrinsic
viscosity [η] of shrimp chitosan was measured with an Ostwald capillary viscometer. The
chitosan sample was dissolved in 0.3 M acetic acid, 0.2 M sodium acetate buffer. The viscosity
average molecular weight of chitosan (Mv) was calculated by measuring the intrinsic viscosity
[η] according to Mark-Houwink-Kuhn-Sakurada (MHKS) equation:

a[ ] k Mvh = (3)

where k and a are viscometric coefficients, which depend on the polymer, the solvent used and
the temperature; the parameters proposed by Rinaudo et al. [4] were adopted. In the case of
chitosan with 12% degree of acetylation (deacetylation degree DD = 88%) in a solution 0.3 M
acetic acid, 0.2 M sodium acetate buffer (at 25°C), the recommended values are k = 0.074 ml/g
and a = 0.80 obtaining an average molecular weight of 1.46 × 105–1.52 × 105 Da; this value falls
into the range reported by other authors, for different chitosan sources (1 × 105–5 × 105 Da) [4,
14, 15].

3. Chitosan as destabilizing agent of oil/water emulsion wastes for water
clarification

Food processing plants generally discharge large volumes of wastewater. Emulsified oil in
wastewater constitutes a severe problem in the different treatment stages. Oil in wastewaters
has to be removed in order to: (1) prevent interference in water treatment units; (2) reduce
fouling in process equipment; (3) avoid problems in the biological treatment stages; and (4)
comply with water discharge requirements. Cationic polyelectrolytes such as chitosan can be
used to coagulate and flocculate colloidal systems [16].

Chitosan is a natural linear polyelectrolyte at acidic pH; it has a high charge density, one charge
per each glucosamine unit. The chain structure has positively charged amine functional groups
which are responsible for the polyelectrolyte behavior. Chitosan can coagulate negatively
charged material with its positively charged functional groups to give electric neutrality [17,
18].

The performance of chitosan as a destabilizing agent for emulsion wastes in order to clarify
residual water was tested in the laboratory. Experiments were carried out on a model waste
system consisted of sunflower oil/water emulsions with variable ionic strength (NaCl concen-
trations ranging between 10−3 and 10−1 mol/L). A biodegradable ionic surfactant (sodium
dodecyl sulfate, SDS, molecular weight = 288.36) was added to each sample to stabilize the
emulsions inhibiting the coalescence of the oil droplets. The presence of SDS produced a
negatively charged emulsion. The emulsions were prepared in a colloidal mill at maximum
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speed with a stirring time of 15 min. Stability of the emulsions was verified by micrographs
obtained by light microscopy over three days storage time. Sizes of the emulsion drops were
measured by image analysis software. For comparison purposes, simultaneous experiments
using another polyelectrolyte, a cationic polyacrylamide of high molecular weight
(MW = 4.106), were carried out. Chitosan solutions (5 g/L) were prepared by dissolving
chitosan in 1% (v/v) acetic acid solution during continuous agitation for several hours [16].
Cationic polyacrylamide (1 g/L) was prepared by dissolving the polyacrylamide in distilled
water. The performance of both destabilizers was tested in terms of the doses and the time
necessary to reach minimum turbidity in the system. The pH of the system changed from 4 to
8 by adding either NaOH or HCl. Flocculation experiments were carried out by adding the
desired amount of the tested destabilizers to the emulsion with continuous agitation by a
magnetic stirrer. To analyze the flocculation process, different techniques were used: electro-
phoretic mobility, colloid titration, jar test, turbidimetric method and light microscopy
observation. Colloid titration was used to determine the colloidal charge and the isoelectric
point of the system. A known excess amount of methyl glycol chitosan (MGC) was added in
each test. MGC is a cationic polysaccharide which acts as a positively charged titrant over the
entire pH range. The oppositely charged colloids react almost stoichiometrically, neutralizing
the charge of the system. The remaining excess of MGC was back-titrated by potassium
polyvinyl alcohol sulfate (PVSK), a negative colloid using toluidine blue (TB) as an indicator
[16]. Electrophoretic mobility and colloidal titration methods gave equivalent information
about the dose of polyelectrolyte to reach zero colloidal charge [18]. Microscopy observations
were done on the emulsions and on the flocs. Flocculation assays were performed using the
jar test with six stirrers having a maximum speed of 250 rpm. Different amounts of polyelec-
trolyte were added to 500 ml aliquots. Samples were stirred at high speed for 3 min and then
at 50 rpm for 10 min. In the polyelectrolyte treatments, as long as colloidal charge was
maintained around zero, turbidity showed the lowest values. However, when the applied
doses were higher than the optimum, colloidal charge and turbidity both increased showing
emulsion restabilization (Figure 3).

Figure 3. Colloidal charge (■) and turbidity (•) as a function of destabilizer dose: chitosan (––) and cationic polyacryla-
mide (----) for emulsions formulated with 5 g oil/L, 0.2 g SDS/L and 10−3 mol NaCl/L.
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Nonsignificant differences between the doses to reach zero colloidal charge and those to reach
minimum turbidity (optimum dose) were observed for both polyelectrolytes. Doses to reverse
colloidal charge were lower for chitosan than for polyacrylamide; these results can be ex-
plained based on the higher charge density of chitosan, requiring lower doses to destabilize
the emulsion. Differences in charge density between chitosan and polyacrylamide were
detected by the titration of their electrical charge with potassium polyvinyl sulfate; results
showed that charge density ratio, between chitosan and polyacrylamide, was 1.64 [16].

When NaCl concentration increased (higher ionic strength), the dose of destabilizer necessary
to reach zero colloidal charge decreased. An increase in neutral salt concentration decreases
the thickness of the double layer, and the electric potential falls markedly with distance. The
repulsive forces diminish and the distance between colloidal particles is reduced, producing
coagulation.

In the case of chitosan treatment, flocculation occurred immediately after its addition, requir-
ing a shorter agitation time compared to that of polyacrylamide; pH values ranging between
4 and 8 had no significant effect (p < 0.05) on the optimum chitosan dose to destabilize the
emulsion.

A linear relationship between initial colloidal charge and the chitosan dose necessary to reach
zero colloidal charge was found and this result allows to determine the optimum dose of
chitosan, knowing the initial physico-chemical variables of the colloidal system.

4. Synthesis and characterization of chitosan reticulated micro/
nanoparticles

Chemical and physical cross-linking techniques are usually employed to modify chitosan.
Chitosan chains can be chemically cross-linked with glutaraldehyde leading to quite stable
matrixes; however, this reagent is toxic and a strong irritant. On the other hand, chitosan
hydrogels can be obtained by ionic gelation, where micro- or nanoparticles are formed by
electrostatic interactions between the positively charged chitosan chains and polyanions
employed as physical cross-linkers. Chitosan reticulated microparticles (CHM) were prepared
by ionic gelation of chitosan with a nontoxic reagent (tripolyphosphate), according to Calvo
et al. [19] and modified by Dima et al. [9]. To obtain CHM, different concentrations and relative
proportions of chitosan-TPP solutions were mixed under magnetic stirring; in each case,
particle size was evaluated. When an opalescent suspension was detected, the presence of
microparticles was observed (Figure 4). Microparticles were collected by centrifugation and
were observed by SEM. Size distribution and zeta potential of CHM were determined by
dynamic light scattering. For a concentration range of 1.00–1.50 g/L of TPP and 1.00–1.25 g/L
chitosan, the obtained CHM size ranged between 88 and 140 nm (polydispersity <1), coinciding
with that observed by SEM (Figure 5); pH has a marked effect on the electrokinetic behavior
(Z-potential) and on particle size distribution. A high absolute value of Z-potential denotes
stability of particles in suspension; Z-potential decreased with the amount of TPP added. The
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effect of pH and the amount of TPP added on particle size distribution and Z-potential are
shown in Figure 6.

Figure 4. (a) Schematic procedure for the synthesis of micro/nanoparticles (CHM). (b) Effect of the relative concentra-
tions of chitosan and tripolyphosphate on the formation of CHM. The photograph shows the aspect of the different
zones in the graph: (♦) aggregates, (▲) clear solution, (○) opalescent suspension.

Figure 5. Particle size distribution determined by the Beckman Coulter equipment and SEM micrograph of chitosan
micro- and nanoparticles for a ratio of CH:TPP of 1.25:1.50 (g/L).
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Figure 6. Characterization of chitosan-TPP micro/nanoparticles. Effect of TPP concentration on: (a) particle size distri-
bution; (c) Z-potential (pH = 4): CHM in the original suspension (full line), CHM resuspended in water (dotted line).
Effect of pH on: (b) particle size distribution; (d) Z-potential [Ratio of CH:TPP of 1.25:1.50 (g/L)].

5. Applications of chitosan and chitosan micro- and nanoparticles

5.1. Chitosan as antimicrobial agent in aquaculture

Aquaculture is the farming of aquatic organisms such as fish, crustaceans, mollusks and
aquatic plants. It is one of the fastest growing food-producing sectors. This accelerated growth
of finfish aquaculture has resulted in a series of developments detrimental to the environment
and human health [20]. The use of a wide variety of antibiotics in large amounts, including
nonbiodegradable antibiotics useful in human medicine, ensures that they remain in the
aquatic environment, for long periods of time. This process has resulted in the emergence of
antibiotic-resistant bacteria in aquaculture environments, in the increase of antibiotic resist-
ance in fish pathogens, in the transfer of this resistance to bacteria of land animals and to human
pathogens, and in alterations of the bacterial flora both in sediments and in water [20]. Chitosan
as an antimicrobial agent can be considered an alternative to the use of these antibiotics.
Chitosan and its derivatives have attracted considerable interest due to their antimicrobial and
antifungal activity. It has been documented that chitosan itself has antimicrobial activity due
to its cationic properties that cause a membrane-disrupting effect [20–23]. The antibacterial
activity of chitosan is influenced by a number of factors that include the degree of chitosan
polymerization and some of its other physicochemical properties. Chitosan exhibits higher
antibacterial activity against Gram-positive than Gram-negative bacteria [23]. A number of
chitosan derivatives with different modifications have been prepared to improve its antibac-
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terial activity; in this way, chitosan micro/nanoparticles display unique physical and chemical
features [6]. The nanoparticles may also penetrate inside the cell causing damage by interacting
with phosphorus- and sulfur-containing compounds such as DNA and protein [21, 22].

Experiments were performed using chitosan and reticulated chitosan microparticles as
antibacterial agents against different microorganisms that are problematic for aquaculture:
Lactococcus garvieae (Gram +), Vibrio parahaemolyticus and Vibrio alginolyticus, both Gram −. These
microorganisms have been implicated as the main bacterial pathogens of mariculture industry
and are responsible of important economic losses in cultured fish and seafood worldwide [24].

The minimal bactericidal concentration (MBC) values were determined by a standard broth
dilution method. For the analysis, a number of sterile test tubes containing 5 mL of TS broth
(Tryptic Soy) with NaCl for vibrios and MRS broth for L. garvieae were used. The initial
concentration of stock solution was 1% (m/v) for chitosan in acetic acid solution (pH 4.8) and
0.8% (m/v) for chitosan reticulated microparticles in distilled water. Serial twofold dilutions
of stock solutions were performed for each culture broth. The tubes were inoculated under
aseptic conditions with 50 μL of the freshly prepared bacteria suspension (Vibrio alginolyticus,
9.6 × 107 UFC/mL; V. parahaemolyticus, 1 × 108 UFC/mL and L. garvieae, 5 × 107 UFC/mL). MBC
was determined transferring an aliquot of contents of each tube after 24 h to TS or MRS agar
plates and incubated at 30°C for 24 h. The lowest concentration showing no revival strain on
agar plates was considered as the MBC. For the selected pathogens, the MBC for reticulated
chitosan was 0.20%, while for chitosan was 0.25% for V. alginolyticus and 0.125% for V.
parahaemolyticu and L. garvieae. The antibacterial activity of chitosan particles and microparti-
cles can be attributed to the disruption of cell membranes and the leakage of cytoplasm [21,
22, 25].

5.2. Removal of heavy metals from water using chitosan and chitosan reticulated micro/
nanoparticles

Chitosan has been broadly used for the sorption of heavy metals; it combines with metal ions
by three forms: ion exchange, adsorption and chelation [7]. This biopolymer has been shown
to effectively remove metals such as chromium, copper, mercury and lead [7, 9, 25, 26] from
aqueous solutions. In recent years, research has been performed on novel adsorbents to
maximize their adsorptive capacity [27, 28]; chemical and physical modifications of chitosan
have been used to increase the stability of the polymer and to improve its functionality.
According to Schmuhl et al. [26], chitosan forms chelates with metal ions by releasing hydrogen
ions, and hence, the adsorption of a metal ion on chitosan depends strongly on the pH of the
solution. Chitosan is soluble in most dilute mineral acids (except in sulfuric acid solutions) and
in dilute organic acids, such as acetic, propionic, formic and lactic acids [28]. Consequently, its
chemical stability needs to be reinforced through treatments using cross-linking agents for its
application in acidic media. These treatments induce new linkages between the chitosan chains
allowing the polymer to be highly resistant to dissolution, even in solutions, such as hydro-
chloric acid [28, 29].

Cr(VI) is a toxic metal and must be removed from wastewater before it can be discharged.
Cr(III) and Cr(VI) are the stable oxidation states for chromium in nature. Cr(III) is stable and
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less toxic or nontoxic and is considered an essential element for the good health and nutrition
of many organisms. Cr(VI) is 500 times more toxic, mutagenic and carcinogenic than Cr(III).
The United States Environmental Protection Agency has laid down the maximum contaminant
level for Cr(VI) into inland surface waters as 0.1 mg/L and in domestic water supplies to be
0.05 mg/L [9, 26, 30].

The performance of chitosan and reticulated chitosan micro/nanoparticles in the adsorption
process of Cr(VI) was analyzed in the laboratory [9]. Adsorption experiments were performed
using different initial concentrations of Cr(VI) (50–400 ppm), contact times (30 min–2 h) and
pH values (2–6). All the adsorption experiments of Cr(VI) ions onto CH or CHM were carried
out in batch at 25°C, under constant stirring. Final concentrations of Cr(VI) were determined
by flame atomic absorption spectrometry. The equilibrium adsorption capacity of Cr(VI) onto
chitosan (Qe) was calculated according to the following equation:
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where Qe (mg/g) is the amount of metal ions adsorbed by the CH or CHM, Ci and Ceq are the
metal concentrations (mg/L) in the solution initially (time zero) and after equilibrium,
respectively, V(L) is the volume of the solution and w is the mass (g) of adsorbent used.

The percentage of Cr(VI) removal was calculated according to:
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The pH and the initial chromium concentration have a marked effect on the adsorption process.
The optimum pH value for the adsorption of Cr(VI) was 4 for CH and 2 for CHM. The highest
value of Qe (equilibrium adsorption capacity) was 127.1 mg/g for CH (pH = 4), and in the case
of CHM, a higher value of Qe = 135.2 mg/g was observed at pH = 2. At very low pH, the
adsorption capacities were higher for the CHM because chitosan is unstable at pH < 2.5, and
thus cross-linking with TPP improved the adsorption performance of Cr(VI). The adsorption
capacity increased from 31.4 to 230.2 mg/g for CH and from 35.5 to 71.4 mg/g for CHM, when
the initial Cr(VI) concentration varied from 50 to 400 mg/L, at pH = 4. At pH = 2, the adsorption
capacity of CHM increased and adsorption capacity of CH decreased. Figure 7a, b shows the
simultaneous effect of initial Cr(VI) concentration and pH on the percentage of Cr(VI) removal
[Eq. (5)] for CH and CHM, respectively. Contact time is an important parameter because this
factor determines the adsorption kinetics of an adsorbent at a given initial concentration of the
adsorbate. The adsorption kinetic curves of Cr(VI) (initial concentration of 100 mg/L, pH = 4)
onto CH and CHM are shown in Figure 7. The curves show that equilibrium was reached after
approximately 1 h for CH (Figure 7c) and after 2 h for CHM (Figure 7d). The maximum
amounts of adsorbed chromium were produced after 3 h contact time obtaining equilibrium
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values of 66.9 mg/g for CH and 38.8 mg/g for CHM. After these periods, both systems remained
almost unchanged until the end of the experiment.

Figure 7. Effect of contact time on the adsorption capacity (Q) of chromium (VI) on: (a) CH; (b) CHM. Simultaneous
effect of chromium (VI) initial concentration and pH on the percentage of Cr(VI) removal using; (c) CH; (d) CHM.

Other important observation was that the chemical analysis to determine the oxidation state
of the adsorbed Cr showed that Cr(VI) was adsorbed on CH particles without further reduc-
tion; in contrast, Cr(VI) removed from the solution was reduced and bound to the CHM as
Cr(III). The reduction in toxic Cr(VI) to the less or nontoxic Cr(III) by the reticulated chitosan
micro/nanoparticles can be considered a very efficient detoxification technique for the
treatment of Cr(VI) contaminated water [9].

Langmuir, Freundlich and Temkin equilibrium sorption isotherms [30] were used for the
mathematical description of the adsorption equilibrium of Cr(VI) ions on CH or CHM
adsorbents. The operating parameters were: T = 25°C, pH = 4, time = 3 h. Adsorption was
evaluated by the determination of Cr(VI) concentration in the solution under equilibrium
conditions reached at the end of the experiments (3 h, pH = 4). The Langmuir isotherm is given
by the equation:

eq eq

e m L m

C C 1
Q Q K Q

= + (6)

where Qe is the amount adsorbed per unit weight of adsorbent at equilibrium (mg/g); Ceq is
the equilibrium concentration of adsorbate in solution after adsorption (mg/L). KL is the
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Langmuir constant (g/L) related to the affinity of the binding sites; Qm is the maximum
monolayer adsorption capacity (mg/g).

The Freundlich isotherm is an empirical equation that assumes that the adsorption process
takes place on heterogeneous surfaces and adsorption capacity is related to the concentration
of Cr(VI) at equilibrium. It is defined as follows:

e f eq
1lnQ lnK lnC
n

æ ö= + ç ÷
è ø

(7)

where Kf is the Freundlich constant or capacity factor (mg/g) and 1/n is the Freundlich
exponent; n is the heterogeneity factor related to adsorption intensity.

The Temkin isotherm in its linear form is given by the equation:

e t t t eqQ B ln(K ) B ln(C )= + (8)

The obtained parameters from Freundlich, Langmuir and Temkin adsorption equations and
the corresponding R2 values (coefficients of determination) are shown in Table 1. The regres-
sion values indicate that the adsorption data for Cr(VI) removal fitted well to Langmuir
isotherm. This equation is representative of monolayer adsorption occurring on an energeti-
cally uniform surface on which the adsorbed molecules are not interactive. For CHM, adsorp-
tion at pH = 2 was more effective than at pH = 4.

Langmuir Freundlich Temkin
Qm (mg/g)  KL (l/mg)  R2 1/n Kf (mg/g)  R2 Bt Kt (l/mg)  R2

Chitosan (CH) pH = 4 250 0.018 0.999  0.43  44.70 0.941  45.01  2.76 0.997

Reticulated microparticles
(CHM) pH = 4

68.9 0.014  0.990 0.36 7.02 0.983 13.95 1.76 0.989

Reticulated micro/nanoparticles
(CHM) pH = 2

124 0.086 0.990 0.12 60.42 0.977 22.55 1.46 0.939

Table 1. Parameters of the equilibrium isotherms for Cr(VI) adsorption upon chitosan and chitosan microparticles.

The kinetic data were analyzed using the pseudo-first-order, pseudo-second-order kinetic
models and Elovich equation [31]. Kinetic analysis is required to get an insight into the rate of
adsorption and the limiting step of the transport mechanism, which are primarily used in the
modeling and design of the process [32]. The pseudo-first-order kinetic model of Lagergren
has been widely used to predict the metal adsorption kinetics and is given by:

1 e
dQ k (Q Q)
dt

= - (9)
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where Q is the amount of metal adsorbed at any time (mg/g), Qe is the amount of metal
adsorbed at equilibrium time (mg/g) and k1 is the pseudo-first-order rate constant (min−1).
Integrating Eq. (9) becomes:

e
1

e

Qln k t
Q Q

æ ö
=ç ÷ç ÷-è ø

(10)

The adsorption kinetic data can be further analyzed using the pseudo-second-order kinetics,
which is represented by:

2 e
dQ 2k (Q Q)
dt

= - (11)

where k2 is the pseudo-second-order rate constant. Integrating Eq. (11) gives:

2
e2 e

t 1 1 t
Q Qk Q

= + (12)

The Elovich or Roginsky-Zeldovich equation is satisfied in chemical adsorption processes and
is suitable for systems with heterogeneous adsorbing surfaces. This equation has been widely
used in adsorption kinetics, which describes chemical adsorption mechanism. It is generally
expressed as follows:

dQ αexp( β Q)
dt

= - (13)

where Q is the amount of metal adsorbed by chitosan at a time t, α is the initial adsorption
rate (mg g−1 h−1), and β is the Elovich constant. To simplify the Elovich equation, Chien and
Clayton [33] assumed αβt ≫ 1, and on applying the initial condition Q = 0 at t = 0, the equation
becomes:

(14)

Pseudo-first order Pseudo-second order Elovich

k1(h−1) R2 k2 (g/mgh) R2 β (g/mg) α (mg/gh) R2

Chitosan (CH) 2.71 0.871 0.76 0.999 0.37 6.0 × 1010 0.750

Chitosan micro/nanoparticles (CHM) 1.94 0.932 0.078 0.946 0.10 116.8 0.877

Table 2. Kinetic parameters for Cr(VI) adsorption on chitosan flakes (CH) and chitosan reticulated microparticles
(CHM).
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The parameters obtained by the different tested kinetic equations with the corresponding
correlation coefficients are given in Table 2.

For CH, the kinetic studies indicated a rapid removal of chromium from aqueous solutions.
The large value of α in Elovich equation for chitosan particles indicates a very high initial
adsorption rate in comparison with the microparticles. The kinetic analysis of chromium
adsorption showed that pseudo-second-order kinetic model fitted successfully the experi-
mental data.

6. Conclusions

Chitosan is a marine polysaccharide with multiple applications in different fields. Chitin and
chitosan were obtained from shrimps shells (Pleoticus muelleri) from Patagonia, Argentina. The
degree of N-deacetylation and the molecular weight were measured to characterize the
obtained chitosan. The N-deacetylation degree (DD%) of shrimp CH samples was determined
using the potentiometric technique and Fourier transform infrared spectra. The molecular
weight of CH was determined by the viscometric method measuring the intrinsic viscosity and
using the Mark-Houwink-Kuhn-Sakurada equation.

Chitosan is a cationic polyelectrolyte that was applied to coagulate and flocculate colloidal
systems; oil/water emulsion wastes were destabilized for water clarification. Results showed
that as long as colloidal charge was maintained around zero, turbidity showed the lowest
values and water clarification was achieved. However, when the applied doses were higher
than the optimum, colloidal charge and turbidity both increased showing emulsion restabili-
zation. Emulsions treated with the optimum CH doses were clarified in very short periods.

Chitosan reticulated micro/nanoparticles were prepared by ionic gelation of chitosan with a
nontoxic reagent (tripolyphosphate, TPP). Microparticles were observed by SEM; size distri-
bution and zeta potential were determined by dynamic light scattering. Chitosan and reticu-
lated microparticles were used as effective antibacterial agents against different pathogenic
microorganisms that are problematic for aquaculture: Vibrio alginolyticus and parahaemolyti‐
cus, and L. garvieae and the minimum bactericidal concentrations were determined.

Finally, the performance of CH and reticulated chitosan micro/nanoparticles in the adsorption
process of Cr(VI), a very toxic metal, was analyzed. At very low pH, the adsorption capacity
was higher for the microparticles because CH is unstable at pH < 2.5. Chitosan cross linking
with TPP improved the adsorption performance of hexavalent chromium at low pH. In
addition, Cr(VI) was reduced and bound to the microparticles as Cr(III). The reduction of toxic
and carcinogenic Cr(VI) to the less soluble and less toxic Cr(III) by the reticulated chitosan
microparticles can be considered a very efficient detoxification technique. Therefore, the use
of marine polysaccharides such as chitosan is a potential tool for innovative technologies to
improve environmental quality and sustainability.
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Abstract

Alginate is a polysaccharide that, for commercial purposes, is extracted exclusively from
marine brown algae. In this chapter, we discuss the main sources of alginate and sodium
alginate manufacturing,  its  chemical  structure and physicochemical  properties,  the
alginate modifications, and blend formation. We also present applications of alginate
and sericin blend in the pharmaceutical and environmental fields as well as case studies.

Keywords: alginate, alginate production, alginate properties, alginate modification,
alginate pharmaceutical applications, alginate environmental applications

1. Introduction

“Alginate” is the term usually used for the salts of alginic acid (carboxylic salts), but it can
also  refer  to  all  the  derivatives  of  alginic  acid  and  alginic  acid  itself  [1].  Alginates  are
biopolymers that have two main sources: bacteria and seaweed (brown algae). This biomate‐
rial is a natural polysaccharide that occurs as structural components in the cell wall of marine
brown algae (Phaeophyceae) as well as capsular polysaccharides in some bacteria (Azotobacter
and Pseudomonas). Commercial alginates are extracted exclusively from marine algae sources
although the microbial fermentation is technically feasible for this biopolymer production [2].
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License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Alginate is composed of blocks of mannuronic acid residues (M‐blocks), blocks of guluronic
acid residues (G‐blocks), and blocks with alternating M and G residues (MG‐blocks). The
source of brown seaweed, growth, location, tissue used in the alginate extraction, age of the
tissue used for alginate preparation, and season of the year, among other conditions, are
important factors that contribute to vary the chemical composition and sequence of M and G
units what implies in different alginate properties, like viscosity, gelation, solubility, among
others [3, 4].

Alginate, polymer with polyelectrolyte nature, is considered low or nontoxic, nonimmuno‐
genic, biocompatible, and biodegradable. The industrial applications of alginate are linked to
its ability to retain water, and its gelling, viscosifying, and stabilizing properties [5, 6]. As
biopolymer with important properties, it has large uses in several industrial fields, including
textiles, food industry, agri‐foods, pharmaceuticals, cosmetics, paper [6], and medical supplies,
among others. The physical properties significantly control the stability of the gels, the rate of
drug release from gels, and the phenotype and function of cells encapsulated in alginate gels
[7].

The gelling property, which is the ability of alginate to form gels in the presence of multivalent
cations (e.g., Ca2+), is one of its main biofunctional properties [5, 6, 8, 9]. Emerging biotechno‐
logical applications are based on this unique property, which allow specific biological effects
of the alginate molecule. The gel formation and the almost temperature‐independent sol/gel
transition in the presence of multivalent cations make alginate suitable for the development
of biomaterial that can be used in cell immobilization, tissue engineering, drug delivery,
controlled release, immobilization of microorganism, and matrix for living cell, among other
applications [10].

2. Alginate sources

At present, commercial alginates are exclusively extracted from marine brown algae found in
coastal waters around the globe [7].

The brown algae are an important assemblage of plants that are classified in about 265 genera
with more than 1500 species. They derive their characteristic color from the large amounts of
the carotenoid fucoxanthin (which yields a brown color) contained in their chloroplasts and
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regions where they exhibit the greatest diversity in species and morphological expression [11].

Brown algae belong to Phaeophyta class. Typical algal cell walls of Phaeophyta are composed
of a fibrillar skeleton (made from cellulose material) and as amorphous embedding matrix.
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weight. On a dry weight basis, the alginate contents are 22–30% for A. nodosum, 25–44% for L.
digitata, and 17–33 and 25–30%, respectively, for the fronds (leaves) and stems of L. hyperborea
[14].

Algae species Monomer M
(mannuronic acid) (%)

Monomer G
(guluronic acid) (%)

M/G ratio

Ascophyllum nodosum 60.0 40.0 1.50

Laminaria digitate 59.0 41.0 1.43

Laminaria japonica 69.3 30.7 2.26

Macrocystis pyrifera 61.0 39.0 1.56

Laminaria hyperborean, fronds 56.0 44.0 1.28

Laminaria hyperborean, stems 30.0 70.0 0.43

Sargassum filipendula 16.0 84.0 0.19

S. polycystum 17.4 82.6 0.21

S. muticum 23.7 76.3 0.31

S. oligocystum 38.3 61.7 0.62

S. horneri 39.0 61.0 0.64

S. miyabei 43.2 56.8 0.76

S. thunbergii 43.8 56.2 0.78

S. henslowianum 45.1 54.9 0.82

S. hemiphyllum 51.5 48.5 1.06

S. siliquastrum 53.1 46.9 1.13

S. vulgare (high viscosity) 53.9 46.1 1.17

S. fluitans (Cuba) 34.2 65.8 0.52

S. fluitans (Florida) 54.1 45.9 1.18

S. pallidum 55.8 44.2 1.26

S. maclurei 59.5 40.5 1.47

S. tenerrimum 60.5 39.5 1.53

S. vulgare (low viscosity) 60.9 39.1 1.56

S. patens 61.4 38.6 1.59

Turbinaria ornata 47.1 52.9 0.89

Table 1. Percentages of monomers M and G (mannuronic acid and guluronic acid) and M/G ratio of some alginate
extracted from brown seaweeds [14, 18, 19].

Chemical composition and sequence of M and G units in alginate may vary widely among
species and even in different parts of the algae [2]. The time of the year (season) when the algae
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is harvested, the location of growth, and the age of the tissue used for alginate preparation also
influence the composition and sequence of the unit monomer of the polysaccharide [6, 15–17].

The ratio M/G is an important factor because the properties of alginate solution, gels, and its
produced biomaterials depend on the G and M contents. Table 1 shows the M and G contents
of alginate extracted from common species of brown seaweed.

From Table 1, it can be seen that same species can present different composition of M and G
monomers depending on the local harvest (S. fluitans – Cuba and Florida) and the tissue
utilized in alginate extraction (L. hyperborean – fronds and stems). The ratio M/G varies largely
ranging from 0.19 to 2.26 indicating wide differences in species composition. Depending on
the alginate material that must be developed, this is a critical feature in choosing the raw
alginate source.

Alginates with more extreme compositions containing up to 100% mannuronate can be isolated
from bacteria. Alginates with a very high content of guluronic acid can be prepared from
special algal tissues such as the outer cortex of old stipes of L. hyperborea, by chemical fractio‐
nation, or by enzymatic modification in vitro using mannuronan C‐5 epimerases from bacteria
[5].

3. Sodium alginate manufacturing

Alginates occur in brown algae in the intracellular matrix as gels containing sodium, calcium,
magnesium, strontium, and barium ions, such that the counterion composition is determined
by the ion‐exchange equilibrium with seawater [20]. The extraction process of sodium alginate
is relatively simple and can be divided into two categories: calcium alginate process and alginic
acid process. At first, the key intermediate products formed are calcium alginate and alginic
acid, while the second only alginic acid is formed. The calcium alginate process has the
advantage of easy separation of both calcium alginate and the alginic acid that are precipitates
in fibrous form. Furthermore, although the process of alginic acid has one step less as compared
to the calcium alginate process, it should be noted that the overall losses of alginic acid in this
process are greater than in the calcium alginate process, due to the fact that the alginic acid
precipitated forms a gelatinous precipitate which is very difficult to separate [13].

Figure 1 shows the steps involved in the manufacture of sodium alginate. Initially, the ions
(Na2+, Ca2+, Mg2+, Sr2+, and Ba2+) are removed by protons exchange by adding a dilute mineral
acid, such as HCl, which will result in the formation of insoluble salts of alginic acid. Treatment
with formaldehyde is carried out for the removal of phenolic compounds and also to bleach
the material. Then, an alkaline extraction is performed by adding Na2CO3 or NaOH, yielding
soluble sodium alginate and insoluble seaweed residue. Alkaline extraction is the main step
as it corresponds to the extraction phase itself [21]. A separation process is employed to
separate the sodium alginate solution of the extraction residue. From the sodium alginate
solution, it is possible to employ the precipitation method which generates both calcium
alginate and alginic acid as intermediates (calcium alginate process) or generate only alginic
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acid as an intermediate (alginic acid process). In calcium alginate process, CaCl2 is added to
the sodium alginate solution to form insoluble calcium alginate, which is converted into
insoluble alginic acid by the addition of dilute mineral acid (e.g., HCl). Alginic acid is finally
converted to sodium alginate by the addition of Na2CO3 or NaOH. In the case of alginic acid
process, sodium alginate solution is treated with dilute mineral acid, giving rise to the insoluble
alginic acid. Alginic acid is suspended in alcohol (ethanol or methanol), and NaOH or
Ca2CO3 solution is added for obtaining sodium alginate [13, 20–23].

Figure 1. Scheme of sodium alginate production from brown algae.

4. Chemical structure

Alginates constitute a family of linear binary unbranched copolymers composed of 1,4‐linked
β‐d‐mannuronic acid (monomer M) and α‐l‐guluronic acid (monomer G) residues [3, 6]. These
two acid residues (saccharide unit) present stereochemically differences at C‐5 [5, 14]. Alginate
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presents a number of free hydroxyl and carboxyl groups distributed along the backbone which
allow reactions and chemical functionalization [10].

The alginate polymer accepts different conformation of M and G saccharides in its chain. The
chain can be composed of homopolymeric regions of β‐d‐mannuronic acid residues (M‐blocks:
MMMMMM), homopolymeric region of β‐d‐mannuronic acid residues (G‐blocks: GGGGGG),
and heteropolymeric regions where G and M exist in alternating sequence (MG‐block:
MGMGMG) [24, 25]. Figure 2 presents both M and G monomers and the chain conformation
of alginate.

Figure 2. Structural characteristics of alginates: (A) alginate monomers, (B) chemical structure of monomers, (C) chain
conformation, and (D) block distribution.

Because of differences in chemical structure of alginates, the properties of alginate can vary
depending on the source of brown seaweed. The proportion and sequential arrangement of M
and G (uronic acid residues) in the alginate chain, that is, the proportion of the three types of
blocks, leads to differences in the physical properties of the respective alginate products [6].
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Because of differences in chemical structure of alginates, the properties of alginate can vary
depending on the source of brown seaweed. The proportion and sequential arrangement of M
and G (uronic acid residues) in the alginate chain, that is, the proportion of the three types of
blocks, leads to differences in the physical properties of the respective alginate products [6].
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Properties of alginates depend on the relative proportion of three types of uronic blocks; for
industrial utilization of any particular alginate, it is quite important to quantify the relative
proportions of the uronic acids. Methods such as H NMR and C NMR (proton nuclear magnetic
resonance spectroscopy) have been developed to measure the ratio M/G, as well the MM, GG,
and MG/GM contents [3, 6, 26]. The ratio of mannuronic acid to guluronic acid, although the
number and size of blocks are not provided, provides a practical estimate to evaluate the
composition and quality of the alginate to a particular use.

Alginates extracted from different sources differ in M and G contents as well as the size of each
block, and nowadays more than 200 different alginates are currently being manufactured [7].

Alginates have no regular repeating distribution of the monomers along the polymer chain.
That is why this distribution cannot be described by Bernoullian statistics, which implies that
the knowledge of the monomeric composition is not sufficient to determine the sequential
structure of alginates [2, 5]. It was suggested that a second‐order Markov model would be
required for a general approximate description of the monomer sequence in alginates [5].

Alginate contains all four possible glycosidic linkages within the alginate molecule: diequa‐
torial linkages connect mannuronic acid residues in M‐blocks, diaxial linkages connect
guluronic acid residues in G‐blocks, and equatorial‐axial (MG) and axial‐equatorial (GM)
glycosidic bonds connect both uronic residues in MG blocks [5, 24]. Due to this kind of linkages,
the M‐bock is a relatively straight polymer, such as a flat ribbon, while G‐block presents a
buckled arrangement. The conformation of linkages and chain alginate is reported in Figure 2.

The diaxial linkage in G‐blocks results in a large hindered rotation around the glycosidic
linkage, which combined with the polyelectrolyte nature of the alginate molecule may account
for its stiff and extended nature [2]. G‐blocks are stiffer than alternating blocks, which in turn
are more soluble at low pH [27]. In the uronic blocks, the rigidity decreases along the series
GG > MM > MG [28]. The electrostatic repulsion between the charged groups on the polymer
chain also will increase the chain extension and hence the intrinsic viscosity [5].

5. Physicochemical properties

5.1. Ionic cross‐linking

The most important feature of alginate properties is its ability to form hydrogels with divalent
cations. The alginate chelation with multivalent cations is the basis for gel formation. Selective
binding of earth metal ions increases significantly with the increase of G content in the alginate
backbone chain.

Gel formation is driven by the interactions between G‐blocks, which associate to form tightly
held junctions in the presence of divalent cations [20]. The divalent cations, such as Ca2+, act
as cross‐links between the functional groups of alginate chain [10], “zipping” the G‐blocks in
alginate chain, that is, the G‐block of one polymer forms junctions with the G‐block of adjacent
polymer chain through interactions with the carboxylic groups in the sugars, which leads to
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the formation of a gel network. Because of the structural form of the G‐block, the metal
chelation‐binding chain is called the egg‐box model of cross‐linking. Figure 3 shows the egg‐
box model for alginate gel formation.

It was believed that only G‐blocks of alginate participate in intermolecular cross‐linking with
divalent cations to form hydrogel, but some researches indicate that MG‐blocks also participate
in this process [7, 29]. The participation of MG‐block is less important to hydrogel formation
because these blocks form weak junctions [20]. The linkage of long alternating sequences in
secondary MG/GM junctions is suggested to account for the shrinking of alginate gels in view
of its dependence on the length of the MG‐blocks [29]. Gels prepared from alginate with a high
content of G residues (high M/G ratio) exhibit higher stiffness than those with a low amount
of G residues [7].

Figure 3. The “egg‐box” model of gelation of alginate by calcium.

Alginate's affinity toward the different divalent ions has been shown to decrease in the
following order: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > Mn. Since the composition and
block structure varies greatly in different types of alginates, it follows that both the gel and
ion‐binding properties of alginate are influenced by the choice of alginate material and cross‐
linking ion [30]. Despite the variety of cations, because of the cost and no toxicity, Ca2+ is the
most used ion to produce alginate gel.

Concerning alginate particles, the preparation method of calcium alginate particles also
interferes with their physical properties, such as the porosity, volume of water, sphericity, and
elasticity [31]. Methods such as atomization [32], emulsification [31], and dripping [33] are also
employed. Calcium cross‐linking of alginates can be performed by mainly two methods:
diffusion method and internal setting method. In the “diffusion” method, the ions diffuse into
the alginate solution from an outside reservoir. In the “internal setting” method, the ion source
is located within the alginate solution and a controlled trigger (typically pH or solubility of
the ion source) sets off the release of cross‐linking ions into the solution. The diffusion method
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yields gels having a Ca2+ ion concentration gradient across the thickness, while internal setting
gives gels with uniform ion concentrations throughout [2, 20].

The gelation rate is an important factor that affects the uniformity and strength of hydrogels.
Lower rates can be achieved by temperature control (lower temperature implies slower ionic
cross‐linking), alginate composition (high G content implies higher stiffness), pH control,
and Ca2+ concentration of calcium solution source.

Calcium chloride (CaCl2) is one of the most frequently used agents to ionically cross‐linking
alginate. However, it typically leads to rapid and poorly controlled gelation due to its high
solubility in aqueous solutions [7]. The fast gelation rate with CaCl2 results in varying cross‐
linking densities and a polymer concentration gradient within the gel bead. By contrast, the
use of CaCO3 and CaSO4, at internal setting method, which has very low solubility in pure
water, allows its uniform distribution in alginate solution before gelation occurs [34].

The ionic gelation process (by diffusion method) to produce alginate beads usually is per‐
formed by dripping a sodium alginate solution into a CaCl2 bath. This process has been used
in both drug delivery and cell encapsulation [34], and to produce adsorbent beads from a blend
of sericin‐protein/alginate [33, 35]. Figure 4 shows the schematic process for producing
alginate beads.

Figure 4. Alginate beads preparation by diffusion setting method.
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5.2. Covalent cross‐linking

Alginate hydrogels have been attractive for a variety of biomedical applications, but they
possess limited mechanical properties when ionically cross‐linked with divalent cations [36].
Covalent cross‐linking is applied in order to improve physical properties of alginate gels
compared with those ionically cross‐linked ones [37]. This kind of cross‐linking is typically
formed by the reaction between carboxylic groups in alginate chains and a cross‐linking
molecule possessing primary diamines [38]. The use of cross‐linking reagents must be carefully
investigated because many of them can be toxic and unreacted cross‐linkers need to be
thoroughly removed from gels [37].

The stress‐relaxation behavior of hydrogels is strongly affected by how the polymers are cross‐
linked. In gels with ionic cross‐links, stress relaxes mainly through breaking and subsequent
reforming of the ionic cross‐links, while in gels with covalent cross‐links, stress relaxes mainly
through migration of water [38]. The ionic cross‐linking stresses lead to plastic deformation of
the alginate gel, while the covalent cross‐linking leads to a stress relaxation allowing a
significant elastic deformation [7].

Covalent cross‐linking of alginate with poly(ethylene glycol) (PEG)‐diamines of various
molecular weights (MWs) generates hydrogels with a range of mechanical properties.
Hydrogels with a range of elastic moduli could be generated by controlling either the chain
length of the cross‐linking molecule or the cross‐linking density. The elastic modulus increased
gradually with an increase in cross‐linking density or weight fraction of PEG in the hydrogel
[36].

The introduction of hydrophilic cross‐linking molecules as second macromolecules (such as
PEG) compensates for the loss of hydrophilic groups in the alginate backbone [37].

Maiti and Sa [39] used ionotropic gelation method for the preparation of ibuprofen‐loaded
calcium alginate (CALG) and ethylenediamine (EDA)‐treated calcium alginate (EDA‐CALG)
microspheres to investigate drug delivery and the retard of the drug release to some extent.
The reduction in drug entrapment efficiency by a maximum of 44.60% for EDA‐CALG
microspheres compared to untreated CALG microspheres was observed. EDA‐CALG micro‐
spheres released almost all of its contents within 7 h in pH 6.8 phosphate buffer; however,
CALG microspheres were found to release the same within 3 h.

5.3. Alginic acid gels

Alginates may also gel following a third and ion‐independent way in that they form acid gels
at pH values below the pKa values of the uronic residues [2, 40]. When the pH of alginate
solutions is lowered below the pKa of the uronic acids in a highly controlled fashion, acid gels
are formed. Such gels, often called “acid gels,” are stabilized by an intermolecular hydrogen‐
bonding network [20]. With the exception of some pharmaceutical uses, the number of
applications of acid gels is rather limited to date [2]. Two methods are generally used to make
acid gels: In the first method, a slowly hydrolyzing lactone such as glucono delta‐lactone (GDL)
is added to a solution of Na‐alginate, and in the second method, preformed Ca‐alginate gels
are converted to acid gels by proton exchange [40].
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6. Physical properties

6.1. Molecular weight (MW)

Alginates, like polysaccharides in general, are polydisperse with respect to MW. In this aspect,
they resemble synthetic polymers rather than other biopolymers such as proteins and nucleic
acids. Because of this polydispersity, the MW of an alginate is an average over the whole
distribution of MW [5].

The MW distribution can have implications for the uses of alginates, as low‐molecular‐weight
fragments containing only short G‐blocks may not take part in gel‐network formation and
consequently do not contribute to the gel strength. Furthermore, in some high‐tech applica‐
tions, the leakage of mannuronate‐rich fragments from alginate gels may cause problems, and
a narrow molecular‐weight distribution therefore is recommended [5].

The MW of commercially available sodium alginates ranges between 32,000 and 400,000
g/mol [7]. Usually, a higher MW would result in a higher level of interchain bonding and a
greater mechanical gel strength and viscosity [14].

The use of alginate with high MW can improve the physical properties of its gels. However,
an alginate solution formed from high‐MW polymer becomes greatly viscous, which is often
undesirable in processing [7, 41].

For the successful use of hydrogels as cell immobilization/delivery vehicles, a key property
that must be satisfied is the maintenance of the viability of the cells through the gel‐preparation
process. The high viscosity may not be desirable in terms of maintaining cell viability during
the pre‐gel/cell‐mixing process, as a high‐solution viscosity would lead to cells being exposed
to high shear forces during the mixing. Cell membranes are highly labile to shear forces, and
the mixing can lead to damage or cell death [42].

Manipulation of the MW and its distribution can independently control the pre‐gel solution
viscosity and postgelling stiffness. The elastic modulus of gels can be increased significantly,
while the viscosity of the solution minimally raises, by using a combination of high‐ and low‐
MW alginate polymers [7, 8].

6.2. Viscosity

Alginates can be prepared with a wide range of molecular weights (50–100,000 kDa), and
aqueous solutions of alginates have non‐Newtonian characteristics, that is, the viscosity
decreases with increasing shear rate (shear thinning). The viscosity of an alginate solution
depends on the concentration of the polymer, the MW distribution [27], pH, and G‐ and M‐
residues content of alginate.

The viscosity of the alginate solution increases as the molecular weight increases making it
difficult to dissolve a high concentration of alginate in a given amount of water. Alginate
manufacturers can control the MW (or the degree of polymerization, DP) by varying the
severity of the extraction conditions to produce products with viscosities in a 1% solution
ranging from 10 to 1000 mPa, with a DP range of 100–1000 units [14].
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The viscosity of the alginate solution increases sharply as the concentration increases. How‐
ever, high‐solution viscosities make it difficult to remove bubbles in the solution brought in
during the mixing process. For practical purposes, aqueous solutions of alginate have a
maximum content of 5–6% of sodium alginate. The temperature of solution also interferes in
the viscosity solution. The viscosity decreases as temperature increases (at a rate of 2.5% per
degree Celsius). Since viscosity drops sharply on heating, it is useful to heat a solution during
the dissolution process. Also, the heating is beneficial since the reduced viscosity helps the
bubbles to rise from the solution. However, if alginate solutions are maintained above 50°C
for several hours, depolymerization may occur, giving a permanent loss of viscosity and MW
[14].

The viscosity of alginate solutions is unaffected over the range pH = 5–11. Below pH = 5, the
free –COO‐ ions in the chain start to become protonated, to –COOH, and as the electrostatic
repulsion between chains is reduced, they are able to come closer and form hydrogen bonds,
producing higher viscosities. When the pH is further reduced, a gel will form, usually between
pH = 3 and 4. Above pH = 11, slow depolymerization occurs on the storage of alginate solutions,
giving a fall in the viscosity [14].

7. Alginate modification

One of the most effective ways to design high‐performance biomaterials is by chemically
reacting the functional groups available on the alginate backbone [43]. Alginate has the ease
of chemical functionalization due to the presence of free hydroxyl and carboxyl groups
distributed along the backbone. By forming alginate derivatives through functionalizing
available hydroxyl and carboxyl groups, the properties such as solubility, hydrophobicity, and
physicochemical and biological characteristics may be modified. Techniques such as oxidation,
sulfation, esterification, and amidation can be employed to perform chemical modification of
alginate [10]. These chemical modifications allow tailored physical and chemical properties in
the modified alginate.

7.1. Oxidation

Alginates may form physical gels under specific conditions, and their functional groups (–OH
and –COOH) also allow different chemical and physical modifications. The oxidation on its
groups can be performed and the features of new material present important responses. The
oxidized alginate presents more reactive groups implying on the modification on its properties,
such as a faster degradation, which is important when these ones are used in support for drug‐
controlled delivery, for instance [44].

Although alginate is an attractive material due to its biocompatibility and ability to form
hydrogels, its slow and uncontrollable degradation can be an undesirable feature [45, 46].
Ionically cross‐linked alginate hydrogels exhibit a remarkably slow degradation rate, which
is typically months to years for their complete removal from injection sites. The alginate
oxidation can accelerate the degradation rate improving its property for medical purposes [47].
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Oxidized alginates present more reactive groups and a faster degradation when these ones are
used in supports for drug‐controlled delivery, for example [44].

The periodate oxidation has been used for alginate oxidation and extensively reviewed in
literature. Periodate‐oxidized alginates are highly susceptible to biodegradation, and therefore
oxidized alginates have the potential to be used in a number of biomedical applications
wherein biocompatibility and biodegradability are important criteria. Oxidized alginates
could also function as potential nontoxic and biodegradable cross‐linking agents for proteins
in the preparation of hydrogels [48].

When alginate is oxidized by reacting with sodium periodate, the carbon‐carbon bonds of the
cis‐diol groups in the uronate residues are cleaved and changed to dialdehyde groups. Varying
the oxidation degree, the degradation rate can be controlled increasing the vulnerability of
alginate hydrogels to hydrolysis [47]. The oxidation reaction with sodium periodate on –OH
groups at C‐2 and C‐3 positions of the uronic units of sodium alginate is presented in Figure 5.

Figure 5. Oxidation of sodium alginate.

The periodate oxidation reactions on –OH groups of the uronic units of alginate leads in a
rupture of carbon‐carbon bond, to the formation of two aldehyde groups in each oxidized
monomeric unit. Therefore, larger rotational freedom and new reactive groups along the
backbone are obtained [10].

Gomez et al. [44] conducting a study about the characterization of the oxidized derivatives of
sodium alginate (alginate oxidation by sodium periodate) found that the molar mass decreases
rapidly until an oxidation of 10 mol% and then remains nearly constant. In addition, the
polymers with a degree of oxidation higher than 10 mol% were no more able to form gels with
calcium ions. A decrease in the cooperative interactions between calcium ions and carboxylate
groups was observed due to the decrease in molar mass and the number of unreacted G units.

7.2. Sulfation

Sulfation of polysaccharides, both enzymatically in nature and by chemical methods, is known
to provide blood compatibility and anticoagulant activity [20]. When alginate is sulfated, it
will show high blood compatibility because of the structural similarity to that of heparin, which
has been widely used for anticoagulant therapy [10]. Figure 6 presents the sulfation of sodium
alginate using chlorosulfonic acid in formamide.
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After sulfated modification, the sodium alginate would contain sulfate and carboxyl groups,
as the nearest structural analogs of the natural blood anticoagulant heparin [49]. Heparin from
animal sources had the potential to induce disease‐affecting mammals, such as the avian
influenza virus and bovine spongiform encephalopathy [50]. These reasons strongly motivated
the necessity to find new anticoagulants and antithrombotics to replace heparin [49].

Ronghua et al. [51] reported the sulfation of sodium alginate using chlorosulfonic acid in
formamide. The in vitro coagulation assay of human plasma containing the sulfates indicated
that alginate sulfates had considerably high anticoagulant activity especially to the intrinsic
coagulation pathway.

Figure 6. Sulfation of sodium alginate.

7.3. Esterification

Esterification involves the reaction of –COOH groups with –OH groups producing an ester as
final product. As shown in Figure 7, alginate can be modified by direct esterification with
several alcohols in the presence of catalyst and the alcohol is present in excess to ensure that
the equilibrium is in favor of product formation. This method was successfully used by
researchers to modify native alginate, increasing its hydrophobic nature by the addition of
alkyl groups to the backbone of the native alginate [10].

Figure 7. Esterification of alginate.

The only synthetic derivative of alginic acid to find wide use, and acceptance as a food additive,
is propylene glycol alginate. This is formed by reacting propylene oxide with moist alginic
acid. Esterification occurs at the carboxylic acid groups on the alginate chain, mainly with the
primary hydroxyl group of propylene glycol. Depending on the reaction conditions, such as
reaction temperature and ratios of propylene oxide to alginic acid, varying degrees of
esterification can be achieved. A product with about 60–70% esterification is satisfactory for
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most purposes but up to about 90% esterification can be achieved and this type of product (80–
90%) is useful in very acidic, short‐term applications [13].

7.4. Ugi reaction

Pure alginate has its inherent drawbacks, such as rigid backbone, poor mechanical strength,
uncontrolled degradation, and extensive water uptake properties, which restricts its practical
applications. As a result of available hydroxyl and carboxyl groups, chemical modification of
alginate could be achieved mostly at the two secondary hydroxyl positions (C‐2 and C‐3) or
the one carboxyl (C‐6) position via the acetylation, phosphorylation, sulfation oxidation,
esterification, amidation, and Ugi reaction [52].

The Ugi reaction is an important reaction used in combinatorial chemistry, and it is a multi‐
component reaction in organic chemistry involving a ketone or an aldehyde, an amine, an
isocyanide, and a carboxylic acid to form a bisamide [10, 53]. Among the chemical modification
methods, the Ugi four‐component condensation reaction is the most effective and unique that
could endow alginate with specific property without the aid of the catalyst [52]. The Ugi
multicomponent reactions lead a hydrophobic behavior to the modified alginate [10].

Figure 8. Ugi four‐component reaction.

Amphiphilic alginate derivative modified by introducing the hydrophobic groups onto its
hydrophilic backbone could enhance its affinity for the hydrophobic drug, thus making it an
attractive candidate for drug delivery [52].

The Ugi reaction procedure involves the preparation of aqueous alginate solution followed by
acidification (HCl, pH 3.6) to allow the Ugi reaction. The n‐octylamine groups are added with
respect of molar amount of carbohydrate monomers. Formaldehyde, n‐octylamine, and
cyclohexyl isocyanide are added to the solution successively. After the addition, the solution
is stirred for 24 h. Unreacted monomers and other low‐molecular weight impurities are
removed from solution by dialysis, and thereafter the solution is freeze‐dried. Figure 8 presents
the Ugi four‐component reaction.
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8. Blend formation

Alginates are established among the most versatile biopolymers, used in a wide range of
applications [54]. It can be easily modified in any form, such as hydrogels, microspheres,
microcapsules, sponges, foams, and fiber [55], and can cross‐link, copolymerize, and blend
with other polymers due its polar side chain made of hydroxyl and carboxyl groups [33, 56].

The possibility of alginate modifications (including blending) can increase the applications of
alginate in various fields such as tissue engineering, drug delivery [57], environmental [33],
and others. The combination of favorable properties of each constituent polymer results in a
new hybrid system with the properties that are often significantly improved or substantially
different from those of the individual polymers [58]. Alginate beads can be prepared easily
through simple and economic procedures; these beads suffer from low drug encapsulation
and poor mechanical property in the intestinal pH, which lead to rapid drug release [59].
Therefore, modified alginate beads using sodium alginate and natural polysaccharide blends
have been investigated to improve drug encapsulation, swelling, mucoadhesion, drug release,
and others. Okra (Hibiscus esculentus) is an annual plant cultivated throughout the tropical and
subtropical areas of the world, and it is chemically inert, nonirritant, biodegradable, and
biocompatible. Okra gum is already investigated as useful excipients in the development of
pharmaceutical formulations, and its highly viscous property leads to the usefulness of it as a
drug‐release‐retarding polymer [60]. Sinha et al. [60] developed controlled drug release Zn2+‐
ion‐induced alginate‐okra gum blend beads by ionic‐gelation‐cross‐linking method using zinc
sulfate (ZnSO4) as a cross‐linker in an aqueous environment. These beads exhibited sustained
in vitro drug release over a prolonged period of 8 h and followed controlled‐release pattern.
The swelling and degradation of the optimized beads was influenced by the pH of test media,
which might be suitable for intestinal drug delivery.

Alginate application in wastewater treatment is limited due its tendency to swell in water and
other mechanical weakness. In this way, alginate can be blended with other polymers to
overcome the drawbacks of alginate and to combine the good characteristics of both polymers
[61]. Chitosan is a polysaccharide biopolymer derived from chitin [62]. It is well established
as an excellent natural adsorbent due to the presence of the amino (–NH2) and hydroxyl (–OH)
groups, and has also other useful features such as being polycationic, nontoxic, biodegradable,
and antibacterial properties. However, due to its weak mechanical property, chemical and
physical modifications are carried out on chitosan [61]. Alginate can be easily blended with
chitosan by the strong electrostatic interaction between the amino groups of chitosan and the
carboxyl groups of alginate [63]. Dubey et al. [64] developed chitosan‐alginate nanoparticles
using microemulsion method for the removal of Hg (II) ions from aqueous solution. The results
obtained in this study proved that the prepared biopolymer nanomaterial could be an effective
and economically viable adsorbent for the removal of Hg (II) ions. Moreover, the nanoparticles
can be regenerated and reused subsequently for the metal removal.

Sericin is a water‐soluble globular protein that is easily soluble in hot or boiling water and is
extracted from the silkworm Bombyx mori cocoons [65]. Most of the sericin is removed during
the silk processing and it is usually discarded in the wastewater [66]. This fact leads to

Biological Activities and Application of Marine Polysaccharides72



8. Blend formation

Alginates are established among the most versatile biopolymers, used in a wide range of
applications [54]. It can be easily modified in any form, such as hydrogels, microspheres,
microcapsules, sponges, foams, and fiber [55], and can cross‐link, copolymerize, and blend
with other polymers due its polar side chain made of hydroxyl and carboxyl groups [33, 56].

The possibility of alginate modifications (including blending) can increase the applications of
alginate in various fields such as tissue engineering, drug delivery [57], environmental [33],
and others. The combination of favorable properties of each constituent polymer results in a
new hybrid system with the properties that are often significantly improved or substantially
different from those of the individual polymers [58]. Alginate beads can be prepared easily
through simple and economic procedures; these beads suffer from low drug encapsulation
and poor mechanical property in the intestinal pH, which lead to rapid drug release [59].
Therefore, modified alginate beads using sodium alginate and natural polysaccharide blends
have been investigated to improve drug encapsulation, swelling, mucoadhesion, drug release,
and others. Okra (Hibiscus esculentus) is an annual plant cultivated throughout the tropical and
subtropical areas of the world, and it is chemically inert, nonirritant, biodegradable, and
biocompatible. Okra gum is already investigated as useful excipients in the development of
pharmaceutical formulations, and its highly viscous property leads to the usefulness of it as a
drug‐release‐retarding polymer [60]. Sinha et al. [60] developed controlled drug release Zn2+‐
ion‐induced alginate‐okra gum blend beads by ionic‐gelation‐cross‐linking method using zinc
sulfate (ZnSO4) as a cross‐linker in an aqueous environment. These beads exhibited sustained
in vitro drug release over a prolonged period of 8 h and followed controlled‐release pattern.
The swelling and degradation of the optimized beads was influenced by the pH of test media,
which might be suitable for intestinal drug delivery.

Alginate application in wastewater treatment is limited due its tendency to swell in water and
other mechanical weakness. In this way, alginate can be blended with other polymers to
overcome the drawbacks of alginate and to combine the good characteristics of both polymers
[61]. Chitosan is a polysaccharide biopolymer derived from chitin [62]. It is well established
as an excellent natural adsorbent due to the presence of the amino (–NH2) and hydroxyl (–OH)
groups, and has also other useful features such as being polycationic, nontoxic, biodegradable,
and antibacterial properties. However, due to its weak mechanical property, chemical and
physical modifications are carried out on chitosan [61]. Alginate can be easily blended with
chitosan by the strong electrostatic interaction between the amino groups of chitosan and the
carboxyl groups of alginate [63]. Dubey et al. [64] developed chitosan‐alginate nanoparticles
using microemulsion method for the removal of Hg (II) ions from aqueous solution. The results
obtained in this study proved that the prepared biopolymer nanomaterial could be an effective
and economically viable adsorbent for the removal of Hg (II) ions. Moreover, the nanoparticles
can be regenerated and reused subsequently for the metal removal.

Sericin is a water‐soluble globular protein that is easily soluble in hot or boiling water and is
extracted from the silkworm Bombyx mori cocoons [65]. Most of the sericin is removed during
the silk processing and it is usually discarded in the wastewater [66]. This fact leads to

Biological Activities and Application of Marine Polysaccharides72

environmental contamination due to the high oxygen demand for its degradation by microbes.
Therefore, finding viable means to recover sericin would bring environmental and economic
benefits [67]. Sericin isolated presents weak structural properties, but the presence of polar
side chain made of hydroxyl, carboxyl, and amino groups in this protein enables easy cross‐
linking, copolymerization, and blending with other polymers to obtain biodegradable
products with better properties [33, 56]. The use of blends provides an improvement in the
physical characteristics of the materials produced with the protein, and the use of alginate has
an advantage because it has the affinity for a variety of cations [33]. Polymers such as silk sericin
and alginate can undergo a sol‐gel transition by thermal cross‐linking (by heating) [68], photo‐
cross‐linking, and with pH variation, depending on β‐sheet content in case of sericin [69].

Other applications of the alginate and sericin blend will be discussed in the following topics.

9. Applications of alginate and sericin blend in the pharmaceutical and
environmental fields

In the work of Khandai et al. [70], sericin was evaluated as release retardant along with sodium
alginate in aceclofenac‐sustained release mucoadhesive microsphere formulation. Micro‐
particulate drug delivery of aceclofenac was prepared by gelation technique using a blend of
sodium alginate and sericin as release retardant. All the formulations developed showed
diffusion type of release mechanism in a sustained manner. Thus, the aceclofenac microsphere
helped to increase the patient compliance, decrease the dosing frequency, and also prevent
gastric hemorrhage which is commonly found to be associated with conventional dosage form.

Khampieng et al. [71] assessed the anti‐inflammatory efficacy and preparation of silk sericin‐
loaded alginate nanoparticles that were prepared by the emulsification method followed by
internal cross‐linking. This study confirms the hypothesis that the topical application of silk
sericin‐loaded alginate nanoparticle gel can inhibit inflammation induced by carrageenan.

Sericin‐alginate microbeads were developed by Nayak et al. [72] via ionotropic gelation under
high voltage, and the beads were coated with chitosan and cross‐linked with genipin, for the
purpose of encapsulating hepatocytes for advanced cellular functions. This study suggests that
the developed sericin‐alginate‐chitosan microcapsule contributes toward the development of
cell encapsulation model. It also offers to generate enriched population of metabolically and
functionally active cells for the future therapeutics especially for hepatocytes transplantation
in acute liver failure.

Silva et al. [33] studied the adsorption of copper and zinc by particles produced from silk sericin
and alginate blend. The results obtained suggest the potential use of sericin‐alginate particles,
cross‐linked by ionic gelation and by heat, to adsorption processes of toxic metals, zinc and
copper.
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10. Case study

10.1. Case study 1: incorporation and release of diclofenac sodium in sericin and alginate
blend

10.1.1. Drug incorporation and preparation of particles

In this study, sericin was extracted from silkworm cocoons (B. mori), and the concentration of
the sericin solution (SS) extracted was adjusted to 2.5% (w/v). In order to prepare the sericin/
alginate blend, the sodium alginate was added to the sericin solution and the mixture was
stirred at 4000 rpm. The drug incorporation was performed by adding diclofenac sodium (DS)
to the sericin/alginate blend and dispersed with an Ultraturrax® (T18, IKA, USA) at 8000 rpm
until homogeneity was obtained. The ionic gelation method was used to prepared particles
with different compositions [73]. For this, a mixture of sericin, alginate, and DS was added
dropwise to a calcium chloride solution (3% w/v) and stirred continuously. After dripping, the
particles were stirred at 100 rpm for 30 min, and then washed with deionized water and dried
at room temperature.

10.1.2. Determination of incorporation efficiency

In order to determine the incorporation efficiency, accurately weighed 0.1 g of dried particles
was added to 500 mL of phosphate buffer (pH 6.8), and kept overnight. Hence, the suspension
was subjected to agitation for 15 min in a sonicator (1510RMTH, Branson, USA) and filtered
through a 0.45‐μm filter. The DS content in the filtrate was determined by spectrophotometer
(UVmini1240, Shimadzu, Japan) at 276 nm. All determinations were carried out in triplicate.
The incorporation efficiency was calculated by

practical DS contentIncorporation 100
theoretical DS content

= ´ (1)

Table 2 shows the effect of sericin and alginate concentration in the DS incorporation efficiency
of the formulations developed. It was noticed that the incorporation efficiency increased by
increasing sericin proportion in the blend; therefore, sericin significantly contributes to the
incorporations of the DS.

Formulation Sericin (% w/v) Alginate (% w/v) DS (% w/v) Incorporation efficiency (%)

F1 2.5 1.25 2.0 91.1 ± 2.4

F2 2.5 2.60 2.0 82.5 ± 3.6

F3 2.5 3.30 2.0 77.9 ± 2.1

F4 – 4.00 2.0 75.5 ± 2.1

Table 2. Effect of blend composition in the DS incorporation efficiency [73].
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The surface morphology of the sericin/alginate/DS particles (F1, F2, and F3) and alginate/DS
particles (F4) was visualized by scanning electron microscopy (SEM) with the magnification
of 150× and is presented in Figure 9. By analyzing the F1 micrograph, it was found that it has
no clear‐cut boundaries and has poorly defined shape, which does not favor the reproducibility
of these particles. Spherical particles with a rough and rugged surface were observed in F2 and
F3 micrographs. F4 micrographs indicated oval particles and a very rough and rugged surface
too. Thus, it was evident from the SEM micrographs that balanced concentrations of sericin
and alginate, as in F2 and F3, favor the sphericity of the particles. Besides, it is verified that
roughness increased by increasing alginate proportion in the blend. It can be inferred that the
F4 particles (alginate/DS) possibly release the drug in its dissolution medium (gastric or
enteric) more rapidly when compared to particles containing sericin in its composition, since
the surface has greater roughness and therefore its contact surface is higher. Consequently,
particles containing sericin can contribute to the sustained release of the DS present in the
matrix and maybe reduce the drug side effects.

Figure 9. Micrographs of formulations evaluated (as shown in Table 2).

10.1.3. In vitro drug release study

According to the methodology recommended by the US Pharmacopeia, the in vitro release of
DS was tested using a dissolution apparatus. The dissolution was measured at 37 ± 1°C under
50 rpm speed. Accurately weighed quantities of sericin/alginate/DS particles equivalent to 50
mg DS were added to 900 mL of dissolution medium. The test was carried out in 0.1 M HCL
(pH 1.2) for 2 h, and then continued in phosphate buffer (pH 6.8) for the next 10 h. Aliquots of
5 mL were collected at regular time intervals, and the same amounts of fresh dissolution
medium were replaced into a dissolution vessel. The collected aliquots were filtered, and
suitably diluted to determine the absorbance using an ultraviolet‐visible infrared spectroscopy
(UV‐VIS) spectrophotometer at 276 nm.

Table 3 shows the percentage of DS released after 2 h of the dissolution test in acid medium,
for F2, F3, and F4. Whereas F1 is nonreproductive, dissolution tests were not conducted for
this formulation.

It was found that all formulations were resistant to the gastric medium. Among all studied
formulations, F4 presented the lowest drug release in gastric medium. Because F4 has only
alginate and DS in its formulation, the low drug release observed in other formulations can be
attributed to the presence of this polysaccharide in all composition.
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Formulation DS release (%)

F2 2.63 ± 0.66

F3 1.92 ± 0.36

F4 1.49 ± 0.26

Table 3. Diclofenac sodium release in acid medium, pH 1.2.

Figure 10 shows the diclofenac sodium dissolution profiles for F2, F3, and F4. It can be seen
that the presence of sericin in the formulations causes a prolonged drug release compared to
the formulation without sericin (F4), which releases all incorporated drug at 45 min. Formu‐
lations containing sericin in the composition (F2 and F3) showed the total drug release between
240 and 300 min of dissolution in simulating enteric medium (phosphate buffer, pH 6.8).

Figure 10. Diclofenac sodium dissolution profile in pH 6.8.

10.2. Case study 2: metallic affinity of toxic and noble metals by particles produced from
blends of sericin, alginate and poly(ethylene glycol) diglycidyl

In this study, particles were produced from sericin‐alginate blend, by diffusion method, and
the evaluation of metallic affinity toward toxic and noble metals by particles was performed.
Also, the influence of the presence of the poly(ethylene glycol) diglycidyl ether, as cross‐linking
agent, in the blend was investigated. The particles were produced dripping the blends in
aqueous and alcoholic (ethanol) solutions of CaCl2 and Ca(NO3)2, providing different sources

Biological Activities and Application of Marine Polysaccharides76



Formulation DS release (%)

F2 2.63 ± 0.66

F3 1.92 ± 0.36

F4 1.49 ± 0.26

Table 3. Diclofenac sodium release in acid medium, pH 1.2.

Figure 10 shows the diclofenac sodium dissolution profiles for F2, F3, and F4. It can be seen
that the presence of sericin in the formulations causes a prolonged drug release compared to
the formulation without sericin (F4), which releases all incorporated drug at 45 min. Formu‐
lations containing sericin in the composition (F2 and F3) showed the total drug release between
240 and 300 min of dissolution in simulating enteric medium (phosphate buffer, pH 6.8).

Figure 10. Diclofenac sodium dissolution profile in pH 6.8.

10.2. Case study 2: metallic affinity of toxic and noble metals by particles produced from
blends of sericin, alginate and poly(ethylene glycol) diglycidyl

In this study, particles were produced from sericin‐alginate blend, by diffusion method, and
the evaluation of metallic affinity toward toxic and noble metals by particles was performed.
Also, the influence of the presence of the poly(ethylene glycol) diglycidyl ether, as cross‐linking
agent, in the blend was investigated. The particles were produced dripping the blends in
aqueous and alcoholic (ethanol) solutions of CaCl2 and Ca(NO3)2, providing different sources

Biological Activities and Application of Marine Polysaccharides76

of divalent ion, and then the particles were dried first at 40°C (24 h) and then at 100°C (24 h).
The metallic affinity for toxic metals: copper (Cu2+), nickel (Ni2+), cadmium (Cd2+), zinc (Zn2+),
lead (Pb2+), and chromium (Cr3+), and noble metals: palladium (Pd2+), platinum (Pt4+), gold
(Au3+), and silver (Ag+) were investigated in this work [74].

10.2.1. Particles preparation

The sericin was obtained by autoclave extraction (40 min, 1 kgf/cm2) from silkworm cocoons.
All cocoons were cleaned, washed (in deionized water), and cut into pieces about 1 cm2 before
the extraction procedure (the ratio of cocoons and ultrapure water was 40 g of cocoons to 1000
mL of water). The extracted sericin solution, still hot, was filtered to remove the fibers of fibroin
and stored in a sealed bottle at room temperature for 12 h [35, 74]. After this period, the SS
solution was frozen for, at least, 24 h in a conventional refrigerator (‐4°C) and then it was
thawed at room temperature. This procedure was performed in order to separate the sericin
from diluted solution. The freezing procedure promotes the precipitation of sericin, which can
be recovered by filtration. The sericin was heated in autoclave (120°C for 10 min) to solubilize
again the protein and then the concentration was adjusted by dilution to 25 g/L.

Particle     Blend formulation (g/L)

[sericin/alginate/PEG]

Calcium solution

1 25/20/0 Aqueous solution of CaCl2

2 25/20/0 Alcoholic solution of CaCl2

3 25/20/0 Aqueous solution of Ca(NO3)2

4 25/20/0 Alcoholic solution of Ca(NO3)2

5 25/20/5 Aqueous solution of CaCl2

6 25/20/5 Alcoholic solution of CaCl2

7 25/20/5 Aqueous solution of Ca(NO3)2

8 25/20/5 Alcoholic solution of Ca(NO3)2

Table 4. Formulations and methods of preparations of the produced particles.

The sodium alginate (Sigma‐Aldrich brand) was added in adjusted SS in a concentration of
20 g/L. The blend was mixed at 5000 rpm (Ultraturrax® T18—USA) until it was homogene‐
ous. In the particle formulations containing PEG, the cross‐linking agent was added in the
blend in a concentration of 5 g/L, being mechanically agitated for 30 min. The particles were
prepared by ionic gelation technique (diffusion method) where the blend was dripped with
a peristaltic pump in alcoholic (ethanol) and aqueous solutions of CaCl2 (3% m/V) and
Ca(NO3)2.4H2O (6.4% m/V) (same concentration of Ca2+ in both solutions). The particles were
agitated in Jar test for 12 h in Ca2+ solution. The produced particles were rinsed in deionized
water and dried at a continuous flow oven at 40°C, and then submitted to thermal cross‐
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linked at 100°C for 24 h [33]. Table 4 presents the blend formulation and the respective calci‐
um solution used to produce particles.

10.2.2. Metal affinity tests of single components

Metal solutions of 1 mmol/L of toxic metals: copper (Cu2+), nickel (Ni2+), cadmium (Cd2+), zinc
(Zn2+), lead (Pb2+), and chromium (Cr3+), and noble metals: palladium (Pd2+), platinum, gold,
and silver (Ag+) were prepared and for the respective affinity tests 0.5 g of each particle
formulated was immersed in 50 mL of each metal solution. The particles were maintained in
contact with metal solutions under agitation (200 rpm) for 24 h at 25°C. The metal concentra‐
tions, before and after adsorption process, were measured at atomic absorption spectroscopy
(AAS – 7000A – Shimadzu) according to equipment instructions.

The percentage of metal removal (%R) of each was determined by Eq. (2)

0

0

100-
= ´eC C%R

C (2)

10.2.3. Adsorption results

From Table 5, it can be seen that the adsorption process to toxic metal, Cu, Cd, Pb, and Cr,
presents high percentage reduction. Obtained results of low‐removal values indicate that the
adsorption of nickel and zinc by sericin/alginate and sericin/alginate/PEG particles is not very
effective. With exception to silver, which results were slightly lower than the general results
observed for Cu, Cd, Pb, and Cr metal ions, the results observed to noble metals (Pd, Pt, and
Au) showed greater values than the ones observed to toxic metals.

Particle Pd Pt Au Ag Cu Cd Ni Pb Zn Cr

1 87.1 73.1 98.9 – 65.0 62.2 14.8 65.9 15.6 73.2

2 88.7 71.8 99.2 – 73.9 70.7 15.5 82.0 21.9 71.0

3 88.6 66.4 99.4 61.3 74.4 72.1 23.5 80.0 24.1 74.4

4 88.9 70.3 99.2 60.4 71.4 73.6 14.0 83.2 28.5 72.0

5 86.8 74.4 99.3 – 74.9 70.7 19.7 82.3 17.7 73.3

6 86.9 73.7 99.7 – 72.8 70.9 12.0 81.8 22.3 71.8

7 88.9 71.6 99.7 63.4 73.1 79.6 23.7 82.8 27.8 73.7

8 89.0 73.2 99.7 61.0 74.3 79.6 13.3 83.3 30.2 69.6

Table 5. Percentage removal (%R) of the metal concentration in solution by sericin/alginate/PEG particles.

In general, the particles containing PEG in its formulation (i.e., particles 5–8), exhibit a slightly
higher range of %R. For example, copper is removed within the observed range (65.0–73.9%)
when particles without PEG were used and comparatively within the range (72.9–74.9%) for
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the particles with PEG. PEG possesses as amphipathic behavior, and the introduction of this
cross‐linking agent develop modifications in particle structure. Thus, the modifications
promoted by PEG in the structure of the particles seem to improve the capacity of the adsorb‐
ent.

10.2.4. Considerations

Sericin consists of 17–18 kinds of amino acids with large amount of polar side chains made of
hydroxyl, carboxyl, and amino groups. Alginate presents the polar groups hydroxyl and
carboxyl along the chain backbone. The presence of these kinds of groups enables this polymer
to ionic and covalent cross‐linking, allowing interactions and linkages between the proteins
and polysaccharide chains, and also allows interactions with pollutants (such as toxic metal)
and pharmaceutical.

Despite the interesting properties that sericin and alginate present, there are few works
dedicated to study biomaterials that use the blend of both polymers as raw material.

Concerning pharmaceutical field, the development of a new pharmaceutical form of diclofenac
sodium‐modified release based on alginate‐sericin blends is intended to solve current prob‐
lems related to its therapeutic administration. These problems are related to the development
of gastric irritations and decrease of therapeutic effects by partial degradation in acid medium
that occurs in the usual forms.

As a bioadsorbent material, or a matrix to drug incorporation or to improve the therapeutic
effects of some pharmaceuticals, there are many potential uses for the sericin‐alginate blend.
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Abstract

Chitosan is one of the most studied polysaccharides nowadays. Because of its biocompat-
ibility, biodegradability and abundance in nature, it has had a wide number of applica-
tions. In this chapter, an overview of chitosan including its physicochemical properties 
and characterization methods is presented. Subsequently, the main chitosan chemical 
modifications via the hydroxyl and amino groups are discussed. These chemical modifi-
cations improve chitosan physical properties and expand its range of applications espe-
cially in the biomedical field which will also be studied.

Keywords: chitin, chitosan, hydrogels, chitosan derivatives, biomedical applications

1. Introduction

Chitin is the second most abundant polysaccharide in nature after cellulose and can be found 
in the exoskeletons of crustaceans and mollusks, insect cuticles and fungi [1]. Due to its low 
solubility in water as well as most organic solvents, chitin is usually converted to chitosan 
by deacetylation process, obtaining a soluble material in aqueous acid medium. Considering 
its nontoxicity, biocompatibility, biodegradability and indirect abundance in nature, chitosan 
has attracted much research interest and has found potential applications in pharmaceutical, 
textile, paper and food industries, as well as in agriculture and medicine [2, 3]. On the other 
hand, chitosan structure can be modified through its amino group and the hydroxyl groups. 
These chemical modifications improve chitosan mechanical properties and its solubility or 
bring new functional properties and promising applications. In this chapter, the generalities 
about chitosan will be discuss, including both chemical and enzymatic isolation processes, the 
characterization techniques and its physicochemical properties. Subsequently, we will focus 
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 particularly on the current state of knowledge of chitosan functionalization methods, including 
carboxymethylation, cross-linking, copolymer grafting, among others. Finally, the most recent 
advances in the biomedical applications of chitosan and its derivatives, especially tissue engi-
neering, drug delivery systems, gene therapy systems and wound healing will be discussed.

2. Chitin

Chitin is a linear polysaccharide composed by units of 2-acetamide-2-deoxy-β-d-glucopyranose 
linked through β(1, 4) bonds. This polysaccharide has a structure similar to cellulose but 
instead of having a hydroxyl group at carbon number 2, chitin has the N-acetyl group as can 
be seen in Figure 1.

Chitin was isolated in 1811 by French chemist and botanist Henri Braconnot, who found in 
some fungi an insoluble material in alkaline conditions [4, 5]; chitin was the first polysac-
charide identified by man, even before cellulose which was discovered in 1838 by French 
chemist Anselme Payen [6]. In 1823, Antoine Odier found a similar material described by 
Braconnot while studying the cuticle of some insects and called it chitin, from the Greek 
“chiton” which refers to a robe or wrap. In 1824, Children extracted chitin from May bug 
elytra and found nitrogen by elemental analysis. Payen, Fischer and Leuchs also noted the 
presence of nitrogen in chitin in 1843. Later, Karrer and Zechmeister carried out experiments 
with chitin and found the N-acetylglucosamine as its main component. Finally, Meyer and 
Pankow confirmed the structure of chitin through X-ray diffraction studies in the first half of 
the twentieth century [7].

Chitin has average molecular weight (MW) between 1.03 × 106 and 2.5 × 106 Da and is a poly-
saccharide insoluble in water as well as in most organic solvents. Chitin can be dissolved 
in solutions with high ionic strength as hexafluoroacetone or dichloroethane with mineral 

Figure  1. Chemical structure of: (a) chitin and (b) cellulose.
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acids, and 5% lithium chloride in dimethylacetamide [2]. In 2006, Tamura and coworkers 
solubilized chitin in saturated methanol with dihydrate calcium chloride [8]. The insolubil-
ity of chitin is associated with a high degree of crystallinity due to the formation of different 
hydrogen bonds between the N-acetyl groups (N-H…O=C) at C-2 and hydroxyl group at C-3 
and C-6 with N-acetyl group (O-H…O=C), keeping chitin chains tightly bound. There are 
three crystalline forms for this polysaccharide, depending on the source of chitin. α-Chitin 
is the most abundant form and is present in the shell of shellfish and fungi cell walls. In 
this crystalline form, chitin chains are organized in an antiparallel configuration, allowing an 
orthorhombic crystal to form and giving rigidity to the polymer. In β-chitin form, the chains 
are aligned in parallel, as do cellulose chains, forming monoclinic crystals. In this case, there 
are more intramolecular hydrogen bonds rather than intermolecular interactions. β-Chitin is 
commonly associated with proteins in squid and diatomaceae and has weak packing. Finally, 
there is a γ-chitin form, which is a mixture of the α and β forms. γ-Chitin combines the prop-
erties of both polymorphisms and swells when in contact with water [9].

3. Chitosan

Chitosan is obtained via partial or total chitin deacetylation (Figure 2) and can be classified 
as a copolymer of 2-amino-2-deoxy-β-d-glucopyranose (glucosamine) and 2-acetamide-2-
deoxy-β-d-glucopyranose (N-acetylglucosamine). In general, when the content of N-acetyl 
groups is >50% is considered chitin, while for lower values is considered chitosan. It has nitro-
gen content of 6.80% or higher and is characterized by molecular weights between 1 × 105 and 
5 × 105 Da. The discovery of chitosan is attributed to Rouget, who in 1859 found that when chi-
tin was heated in alkaline medium, a material that was soluble in organic acids was obtained 
[4]. In 1894, Hoppe-Seyler called this material chitosan; however, only until 1950, its chemical 
structure was elucidated [5].

As a biopolymer, chitosan has potential biomedical applications, since it is biocompatible and 
biodegradable. Due to its solubility in acidic aqueous medium, many applications at indus-
trial level can be found for chitosan; its solubility is related to the degree of acetylation, molec-
ular weight, and distribution of the acetyl and amino groups along the chain. Additionally, 
antimicrobial activity is attributed to chitosan when the amino groups are in cationic form, 
which means that antimicrobial activity of chitosan is higher at low pH [10]. Chitosan has a 

Figure  2. Chitin deacetylation process to produce chitosan.
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broad-spectrum antimicrobial activity against both Gram-positive and Gram-negative bacte-
ria [11]. Due to this property, chitosan is a natural antimicrobial agent with potential applica-
tion in agriculture, food, biomedical and biotechnology fields [12].

4. Global distribution of chitin and chitosan in nature

Chitin is the second most abundant polysaccharide in nature after cellulose [13], it is widely 
distributed in fungi, diatomaceae, arthropods and other large number of animals and plants; 
today, a worldwide production of 1011 tons of chitin per year is estimated [14, 15]. The com-
mercial exploitation of chitin has been mainly focused on products derived from the marine 
food industry, such as shrimp, crabs, lobsters and squid [16]. Each year 6–8 million tons of 
waste crab, shrimp and lobster shells are produced globally [17]. The major useful compo-
nents and its percentage on a dry weight basis in commercial crustacean wastes are as follows: 
chitin 15–40%, protein 20–40% and minerals like calcium carbonate 20–50%. The production of 
chitin from seafood is reported in countries such as India, Poland, Japan, China, United States, 
Norway and Australia [3]. On the other hand, the production of chitosan from fungal mycelia 
has increased in recent decades; the study of different types of fungi as a source of chitosan 
have been reported, with yields ranging from 1 to 8%, average molecular weights between 5.6 
× 104 and 1.6 × 105 Da and degree of deacetylation (DD) between 41 and 70% [18–20].

5. Isolation of chitosan

The production of chitosan is based on a hydrolysis of the acetamide group as shown in 
Figure 2. When fungi are used to produce chitosan, the alkaline treatment removes the pro-
tein and deacetylates chitin simultaneously. When the shells of crustaceans are used as source 
of chitosan, two pretreatment are required, one to remove traces of organic material and 
another to remove calcium carbonate. Nowadays, there are chemicals and enzymatic meth-
ods to produce chitosan. In this section, both methods will be discussed showing the advan-
tage and disadvantage of each of them.

5.1. Chemical method

During chemical isolation of chitosan, after obtaining the shells from different sources they 
are washed, dried and size reduced by grounding into a powder [21]. Then demineralization 
is carried out using acidic treatment with HCl, H2SO4, HNO3, among others. Subsequently, 
the deproteination of shells requests an alkaline treatment, which usually is carried out with 
NaOH. Finally, a deacetylation process of chitin is performed using NaOH again but in a 
higher concentration, with heating, to produce chitosan. This product is dissolved in acidic 
medium such as diluted acetic acid, formic acid or lactic acid and finally precipitated with 
dilute sodium hydroxide [2, 22].

The advantages of chemical production of chitosan include the short processing time and 
the applicability of this methodology at the industrial scale. However, some disadvantages 
are found:
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During chemical isolation of chitosan, after obtaining the shells from different sources they 
are washed, dried and size reduced by grounding into a powder [21]. Then demineralization 
is carried out using acidic treatment with HCl, H2SO4, HNO3, among others. Subsequently, 
the deproteination of shells requests an alkaline treatment, which usually is carried out with 
NaOH. Finally, a deacetylation process of chitin is performed using NaOH again but in a 
higher concentration, with heating, to produce chitosan. This product is dissolved in acidic 
medium such as diluted acetic acid, formic acid or lactic acid and finally precipitated with 
dilute sodium hydroxide [2, 22].

The advantages of chemical production of chitosan include the short processing time and 
the applicability of this methodology at the industrial scale. However, some disadvantages 
are found:
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1. This method is environmentally unfriendly, due to the large amount of alkaline waste and 
organic material.

2. There is a high cost because of the effluent treatment generated after acid and alkaline reagents.

3. The continuous hydrolysis of the polymer during the alkaline treatment causes a decrease 
in the molecular weight and therefore its mechanical properties.

5.2. Enzymatic method

Enzymatic treatments offer an alternative way to extract chitosan from crustacean shells. 
Lactic acid-producing bacteria have been used for demineralization of crustacean shells 
instead of acidic treatment. The obtained lactic acid reacts with calcium carbonate yielding 
calcium lactate, which can be precipitated and removed [23]. For the deproteination of crus-
tacean shells, proteases from bacteria are used. The treatment consists of a fermentation of 
the crustacean by different species of bacteria such as Pseudomonas aeruginosa K-187, Serratia 
marcescens FS-3, and Bacillus subtilis [24]. Commercial proteases have previously been used 
to produce chitosan [25]. Chitin acetyl groups are removed by chitin deacetylase [25]. This 
enzyme was first found in Mucor rouxii. However, Serratia sp. and Bacillus sp. are bacteria 
that also produce chitin deacetylase and can be used to generate chitosan [23].

The main advantages of using enzymatic methods are the following:

1. Acidic and alkali treatments, which could be a source of environmental problems, are 
avoided.

2. Decreasing chitosan molecular weight and mechanical properties is avoided, because 
selective enzymes are used in each step.

The disadvantage of this biological method is its high cost, which limits its use only to labora-
tory scale.

6. Physicochemical properties of chitosan

Polysaccharides were considered a source of metabolic energy at first; however, throughout 
their existence, they have found many applications, as they are nontoxic, biodegradable and 
abundant in nature. Polysaccharides can be classified according to their acid-base character; 
there are neutral polysaccharides such as glycogen, cellulose and dextran. Pectin, alginic acid 
and agar are examples of acidic polysaccharides. Finally, there are some highly basic polysac-
charides such as chitin and chitosan [2].

As mentioned previously, chitosan is a linear polysaccharide that contains copolymers of 
d-glucosamine and N-acetyl-d-glucosamine linked by β(1, 4) glycosidic bonds. The degree 
of deacetylation (DD) is defined as the glucosamine/N-acetylglucosamine ratio; in other 
words, DD is the percentage of glucosamine units present in the copolymer chain. Under 
acidic pH, the amino groups in the chitosan chain become protonated and the polymer dis-
solves in aqueous media. The protonation constants pKa of chitosan change depending on the 
molecular weight (MW) and DD; pKa of 6.51 and 6.39 were found when MW was 1370 and 
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60 kDa, respectively. On the other hand, pKa value was increased from 6.17 to 6.51 when DD 
decreased from 94.6 to 73.3% [26].

7. Characterization of chitosan

The molecular weight and deacetylation degree are the most important properties of chitosan 
and dictate the quality and applications of these biomaterials. Table 1 summarizes the most 
common methods used to characterize chitosan.

8. Functionalization of chitosan

Chitosan is a biomaterial that after chemical modifications can find specific biomedical appli-
cations. The presence of amino and hydroxyl groups is considered an interesting functionality 
to modify or improve desired properties. The chemical reactions like cross-linking, carboxy-
methylation, etherification, graft copolymerization and esterification are the most common 
modification carried out with chitosan [41].

8.1. Cross-linking

A hydrogel is a natural or synthetic polymeric system, where the chains are cross-linked 
through covalent and noncovalent bonds, resulting in three-dimensional networks (Figure 3). 
These systems are able to swell rapidly, retain large volumes of water, while maintaining their 
original shape [42].

Physical or chemical chitosan hydrogels can be formed, sensitive to external stimuli such as 
pH or ionic strength. In an acidic medium, free chitosan amino groups are protonated gen-
erating electrostatic repulsion that promotes the swelling of the polymeric material [43]. To 
carry out the formation of chemical hydrogels, chitosan can use both hydroxyl groups at C-3 
and C-6, as well as the amino group at C-2. Due to the nucleophilic character of amino groups, 
they are used widely to react with the cross-linking agent. Therefore, chitosan chains are 
typically cross-linked with dialdehydes: glyoxal and glutaraldehyde [29]. Figure 4 shows the 
scanning electron microscopy (SEM) for a chitosan hydrogels cross-linked with  glyoxal and 

Chitosan property Characterization methods

Deacetylation degree (DD) Potentiometric titration [27, 28]

Elemental analysis [29]

Fourier transform infrared (FTIR) [30–33]

Nuclear magnetic resonance (NMR) [34–36]

Molecular weight (MW) Viscometry [37, 38]

Gel permeation chromatography (GPC) [37, 39, 40]

Table  1. Chitosan characterization methods.
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glutaric acid. The cross-linking of chitosan with glutaraldehyde and sulfosuccinic acid has 
been used to generate membranes with a good proton conductivity, which makes them use-
ful in fuel cells [44]. Genipin, a compound extracted from the fruit of Gardenia jasminoides 
and American Genipa has also been used as cross-linker agent [45]. Bodnar and c oworkers 
reported the preparation of chitosan nano-hydrogels, using dicarboxylic and  tricarboxylic 
acids as nontoxic cross-linking agents, which contribute to the biocompatibility of the material 
[46]. Succinic, glutaric and adipic acid were used recently to prepare  chitosan hydrogels [47]. 
The degree of cross-linking affects hydrogels features such as pore size, mechanical strength 
and percent swelling. It is clear that small amounts of cross-linking agent increase the absorp-
tion capacity. Increasing the cross-link density reduces the swelling due to decreased  mobility 

Figure  3. Three-dimensional representation of the polymeric network in a hydrogel.

Figure  4. SEM of chitosan hydrogels cross-linked with: (a) glyoxal and (b) glutaric acid. From Laboratorio de Polímeros, 
Universidad del Valle.
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of the polymer chains. Chitosan hydrogels are also used as controlled release systems, both 
as epidermal and intracorporeal implants, because they are able to maintain a constant drug 
concentration in a particular environment for a prolonged time [48, 49]. Due to the biocom-
patibility of chitosan, hydrogels are not only used for controlled release of drugs such as insu-
lin [50], but also used to produce hemodialysis membranes, biodegradable sutures, artificial 
substituents skin burns healing agents, immobilizing enzymes and cells, among others.

8.2. Graft copolymerization

There are various techniques being used to tailor the surface characteristics of chitosan to 
introduce or improve desired properties. However, graft copolymerization of synthetic 
polymers with chitosan is of the most importance. Chitosan and carboxymethyl chitosan 
have been grafted with metacrylic acid by using ammonium persulfate (APS) as initia-
tor in aqueous media. After grafting, the chitosan derivatives had much improved water 
solubility (Figure 5a) [51, 52]. The copolymerization of aniline with chitosan in the pres-
ence of APS has been carried out, producing films and fibers, which have shown protonic 
conductivity (Figure 5b) [53]. Different initiators such as, potassium persulfate (PPS), 
ceric ammonium nitrate (CAN), thiocarbonationpotassium bromate (TCPB), potassium 
diperiodatocuprate (III) (PDC), 2,2-azobisisobutyronitrile (AIBN) and ferrous ammonium 
sulfate (FAS) have been used to initiate grafting copolymerization [54].

Due to its solubility in both water and organic solvents, low toxicity, good biocompatibility 
and biodegradability, poly(ethylene glycol) (PEG) is a suitable graft-forming polymers. 
PEG grafted with chitosan have been synthesized using the hydroxyl groups of chitosan 
(Figure 5c). The new material was soluble in water and aqueous solutions of wide pH 
range [55].

8.3. Carboxymethylation

The low solubility of chitosan is a disadvantage in many of its potential applications. Thus, 
the preparation of chitosan derivatives has been carried out to improve chitosan solubility 
in aqueous media. One modification widely used is the carboxymethylation. The procedure 
consists in dispersing chitosan in isopropanol and NaOH aqueous solution under magnetic 
stirring and room temperature. Then, a monochloroacetic acid/isopropanol mixture is added 
to the suspension [56]. Carboxymethyl-chitosan is an amphoteric polymer, and the solubil-
ity depends on pH. Although during the reaction O- and N-carboxymethylation may occur 
simultaneously (Figure 6), under controlled reaction conditions (like temperature and stoi-
chiometry) is possible to yield only one of them [37].

8.4. Etherification

Hydroxypropyl chitosan was prepared from chitosan and propylene epoxide under alkaline 
conditions. This functionalization allows to carry out graft copolymerization, for example, 
maleic acid was grafted onto hydroxypropyl chitosan to improve the antimicrobial applica-
tions, showing good inhibition effect against S. aureus and E. coli [51].
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8.5. Esterification

Other chemical modification that is widely documented in the literature is the esterification of 
chitosan. Special attention has been paid to the preparation of N,O-acyl chitosan using acetyl 
chloride in MeSO3H as solvent (Figure 7). Under these conditions, O-acetylated  chitosan is the 

Figure  5. Chemical structure of graft copolymers: (a) chitosan-PMMA, (b) chitosan-PANI and (c) chitosan-PEG.
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major product compared to the N-acetylated chitosan [57]. It has been shown that  acetylation 
of chitosan substantially improve its antifungal activity [58].

8.6. Phosphorylation

There are some methods to obtain phosphorylated derivatives of chitosan. These derivatives 
are important due to their interesting biological and chemical properties. They could exhibit 
bactericidal and osteoinductive properties. Phosphorylated chitosan can be prepared by 
heating chitosan with orthophosphoric acid in N,N-dimethylformamide (DMF). Another 
way to prepare phosphorylated chitosan is by the reaction of chitosan with phosphorous 
pentoxide in methanesulphonic acid, this method is considered very efficient (Figure 8) [59]. 
The methods described here promote phosphorylation of the hydroxyl groups in carbons 3 
and 6 of chitosan.

Figure  6. N- and O-carboxymethylation of chitosan.

Figure  7. O-acylation of chitosan.

Figure  8. Phosphotylation of chitosan using phosphorous pentoxide.
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9. Biomedical applications of chitosan

Biomedical applications of chitosan are related with its most important properties, biocom-
patibility and biodegradability. Biocompatibility is defined as the ability of a material to be 
biologically inert in the human body or any other guest while performing certain function 
(ASTM F2475-11). In other words, biocompatibility is directly related to cytotoxicity that may 
present the material. The cell culture method is the most simple and widely used way to 
study both the toxicity and the chitosan-cell interaction. L929 fibroblasts studies supported 
on chitosan have shown biocompatibility of this biopolymer trough no interference with cell 
growth, on the contrary, favoring its proliferation [60, 61].

On the other hand, biodegradability is defined as the ability of a material to decompose into low 
molecular weight molecules like carbon dioxide, methane and water by an enzymatic process 
(ASTM D-5488-944). Biodegradation of chitosan is related to its depolymerization, oligomers 
produced are subsequently decomposed to the corresponding monomers glucosamine and 
N-acetylglucosamine. To carry out this process of depolymerization, nature uses the bacterial 
enzyme known as chitinase, which is present in the digestive tract of vertebrates and many inver-
tebrates such as fish, lizards, birds and mammals such as pigs. For humans, biodegradation of 
chitosan is mainly associated with the enzyme lysozyme, widely available in macrophages [62].

9.1. Tissue engineering

Tissue engineering involves the use of scaffolds for the formation of new viable tissue for a 
medical purpose. To generate tissue, it is necessary to use a supporting material including 
natural and synthetic polymers. Polylactic acid (PLA) and polyglycolic acid (PGA) are com-
monly used for fibroblasts growth at laboratory scale [63, 64]. However, chitosan is now one 
of the leading cell culture media due to its biocompatibility and because it accelerates the 
growth process. In many of these studies, chitosan, PLA and PGA are mixed to form films, 
porous structures or beads [65].

Electrospinning is the production of fiber using electric field to draw charged threads of poly-
mer solutions. This method allows to produce scaffolds with tissue engineering applications 
from different polymeric materials. Due to the repulsive forces between ionic groups within 
polymer backbone in chitosan, it is restricted the formation of continuous fibers during the elec-
trospinning process. However, some fiber of chitosan have been prepared successfully using 
trifluoroacetic acid, which can destroy the rigid interactions between the chitosan molecules, 
improving the electrospinning process and the diameter of the chitosan fibers [66, 67]. Figure 
9 shows PLA nanofibers with a chitosan coating produced by coaxial electrospinning. These 
nanofibers nets are used to grow osteoblasts and promote the regeneration of bone tissue.

9.2. Drug delivery systems

Like agar, glucomannan and pectin, chitosan with low molecular weight can be used as carrier 
for solid drug formulations because of their easy bioabsorption, with the advantage that it acts as 
an antacid, preventing stomach irritation [2]. Chitosan has been studied for colon-targeted deliv-
ery of a drug, due to its pH sensitivity and its complete digestion by the colonic bacteria [68].
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9.3. Gene therapy systems

Delivery systems using DNA as a kind of therapeutic agent are considered gene therapy sys-
tems, which are a powerful tool for curing many hereditary diseases and treating acquired dis-
eases such as multigenetic disorders [69]. Chitosan is a cationic polyelectrolyte whose positive 
charge provides a strong electrostatic interaction with negatively charged DNA and protects 
it from nuclease degradation [70, 71]. For that reason, chitosan is used for nonviral gene deliv-
ery. Nanoparticles of folic acid-chitosan-DNA have been used to improve the targeting and 
transfection rates in gene therapy. These nanoparticles have lower cytoxicity and good DNA 
condensation. In this case, folic acid is attached to chitosan for targeting cell membrane with 
folate receptor overexpressed on human cancer cells [72]. Deoxycholic acid-modified chitosan 
were prepared and characterized to yield self-aggregates/DNA complexes in aqueous media. 
This chitosan self-aggregates were used as a delivery carrier for the transfection of genetic 
material in mammalian cells [69]. Reverse microemulsion was used as a template to fabricate 
chitosan-alginate coreshell nanoparticles encapsulated with enhanced green fluorescent pro-
tein (EGFP)-encoded plasmids. These chitosan-alginate coreshell nanoparticles endocytosed 
by NIH 3T3 cells causes swelling of transport vesicles which renders gene escaping before 
entering digestive endolysosomal compartment and promotes gene transfection rate [73, 74].

9.4. Wound healing

Wound healing is a biological process related with growth and tissue regeneration. The 
wound healing process has five important stages: homeostasis, inflammation, migration, 

Figure 9. Nanofibers of PLA and chitosan produced by coaxial electrospinning. From Escuela de Ingeniería de Materiales, 
Universidad del Valle.
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 proliferation and maturation [75]. A number of studies have reported the use of chitosan 
membranes to produce wound healing with potential application in patients with deep 
burns, wounds, etc. PVA have been mixed with chitosan for the preparation of composites 
and blends films. PVA-chitosan membranes have shown an increasing of the mechanical 
properties [41]. Chitosan films with oleic acid and glycerol at 1% were prepared previously. 
These chitosan films exhibited suitable morphology, and in vivo studies with Wistar® rats 
showing that implanted chitosan films were biocompatible and bioabsorbable leaving the 
tissue healthy. For all this, chitosan films may allow their use for wound healing [76]. Due to 
the importance of antibacterial resistance in the field of wound care to avoid complications 
such as infection and delayed wound healing, nanoparticles of silver combine with chitosan 
has been used as an antibacterial agent [75, 77].

9.5. Antioxidant and antimicrobial properties

Chitosan is a polysaccharide with antimicrobial properties [78]. The antimicrobial mechanism 
of chitosan is currently unknown. However, it has been suggested that the polycationic nature 
below pH 6.5 is a decisive factor. The positive charge in the backbone chain interacts with 
negatively charged components in microbial cell membranes, altering their barrier properties, 
and thereby preventing the entry of nutrients or causing the leakage of intracellular contents 
[79]. Due to its ability to form films, chitosan is employed to produce food packaging as a 
potential food preservative. However, the limited solubility of chitosan restricts its applica-
bility. At the same time, chitosan have been considered a natural antioxidant [80–82]. Thus, 
different functionalizations have been carried out to improve both the antimicrobial and anti-
oxidant activities of chitosan.

Functionalization of chitosan with epigallocatechin gallate (EGCG) by a free radical-
induced grafting procedure improves both its antimicrobial and its antioxidant activity 
[83]. Chitosan antioxidant activity can be enhanced by grafting on it protocatechuic acid 
which is a natural phenolic antioxidant [84]. Chitosan modified with monomethyl fumaric 
acid presented antibacterial activity against Gram-positive and Gram-negative bacteria 
[85]. Other chitosan derivatives with antimicrobial activity included the following: chito-
san modified with thioglycolic acid [86] and chitosan with polyethylene glycol diacrylate 
(PEGDA) [87].

10. Summary

Chitin is the second most abundant polysaccharide in nature after cellulose. However, due to 
its solubility problems, scientific research has focused more on studying its main derivative, 
chitosan. Chitosan is a compound of great interest due to its biocompatibility and biodegrad-
ability. At the same time, antimicrobial and antioxidant properties have been found in chito-
san. For all these properties, chitosan has potential application at industrial level as well as 
biomedical applications. The chemical modifications of chitosan through its functional groups 
have extended its range of applications, improving its mechanical properties, its solubility, 
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among others. Chitosan is a promising material because in addition to various applications, it 
is a product that is produced from waste seafood, offsetting the negative impact they may have. 
For all this, we are about to find chitosan commercially available in many everyday products.
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Abstract

Chitin is the second most abundant polysaccharide present in nature; however, chitin
has more applications when transformed into chitosan (CS). It is biocompatible,
biodegradable, mucoadhesive, soluble in acidic-solutions, nontoxic and nonallergenic.
The main drawback of chitosan in pharmaceutical procedures is its low solubility in
physiological medium. Chitosan shows physicochemical characteristics that allow it to
interact with a wide variety of molecules. This is of particular interest when increasing
the solubility of poor water-soluble drugs. For this purpose, chitosan can be used in oral,
nasal and ocular routes. In order to modulate drug release rate and achieve a proper
drug delivery in physiological medium, some parameters can be modified when solid
dispersions or nanoparticles (NPs) based on chitosan are being designed. In case of
nanoparticles, chitosan can be used as the main component or as a modifying agent. In
order to optimize drug loading and drug delivery, response surface methodology (RSM)
is an interesting tool usually underestimated in the pharmaceutical field, which allows
us to optimize the parameters involved in the process simultaneously and not by
different steps, which usually lead to mistakes.

Keywords: chitosan, carboxymethyl chitosan, drug delivery, nanoparticles, solid dis-
persions, porous microstructure, response surface methodology

1. Introduction

Chitin is the second most abundant polysaccharide and the only cationic one present in nature;
these characteristics make it suitable and interesting for industrial uses [1]. However, chitin
has more applications when transformed into chitosan (CS) by partial deacetylation under
alkaline conditions [2].
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Chitosan [(1–4)-2-amino-2-deoxy-β-d-glucan] is a linear cationic polysaccharide comprising
by N-acetyl glucosamine and glucosamine units (Figure 1). Although research is more
advanced in the case of cellulose, amino groups provide an important advantage to chitosan
due to its ease to be chemically modified, including functional groups that would give new
properties for more specific uses [3, 4].

Figure 1. Representation of chitosan molecule.

Chitosan are receiving increasing attention in the industrial domain as a consequence of their
special properties. It is a biocompatible, biodegradable, mucoadhesive, and transmucosal
penetration enhancer, soluble in acidic solutions, nontoxic and nonallergenic [5]. Moreover,
because it is generally recognized as safe (GRAS), which together with its abundance and low
cost make chitosan a particularly interesting material for its use in the pharmaceutical field
[6, 7]. In addition, its antacid and antiulcer activities made chitosan and its derivatives an
interesting alternative if gastric irritation wants to be avoided when anti-inflammatory drug
are administered [8, 9]. Finally, chitosan is an excellent direct compression adjuvant, an
important characteristic for potential pharmaceutical formulations [10].

Figure 2. Representation of molecules of O-carboxymethyl chitosan (A), N-carboxymethyl chitosan (B), trimethyl chito-
san (C), and N-alkyl chitosan (D).

The main drawback of chitosan in pharmaceutical procedures is its low solubility in aqueous
solutions and physiological medium [11, 12]; acetylation degree and molecular weight are the
most relevant variables which condition chitosan solubility [13]. However, this problem can
be solved, thanks to the easy modification of its primary aliphatic amine group. This fact allows
us to obtain water-soluble derivatives such as carboxymethyl chitosan, trimethyl chitosan, and
N-alkyl chitosans (Figure 2) [14]. Both chitosan and its derivatives have physicochemical
characteristics that allow them to interact with a wide variety of drugs. This is of particular
interest when trying to increase the solubility of poor water-soluble drugs [15, 16], which is a
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fundamental strategy to increase low bioavailability of drugs belonging to Groups II (low
solubility, high permeability) and IV (low solubility, low permeability) of Biopharmaceutical
Classification System (BCS). In this sense, different strategies have been developed to increase
the solubility of these drugs, such as particle size reduction, drug fusion and preparation of
solid dispersions, nanosuspensions, amorphous states, inclusion complexes, or nanoparticles
(NPs).

For this purpose, chitosans can be used in oral, nasal, and ocular routes, being the first one
considered as the safest and most advisable way. Drug-controlled release by oral route has
been achieved using chitosan in several pharmaceutical dosage forms such as solid disper-
sions, cross-linked hydrogels or nanoparticles [17, 18]. In case of nanoparticles, chitosan can
be used both as modifying agent and as the main component by different methods such as
cross-linking, ionic gelation, or solvent evaporation.

As it is well known, drug delivery from polymeric systems is influenced by several factors:
polymer molecular weight, deacetylation and substitution degree of polysaccharides, nano-
particle size, porous structure, or compression force are some of the factors which directly
determine the release rate from a solid matrix. The length and conformation of polysaccharide
chains influence the accessibility of chitosan functional groups by drug molecules, which is
crucial to establish electrostatic interactions and the subsequent incorporation of drug
molecules into these systems.

Furthermore, different preparation methods can lead to different interactions and porous
structures when nanoparticles are formed or tablets are prepared by compression [19]. Porous
microstructures (pore size distribution, porosity, tortuosity, etc.) strongly affect the penetration
of solvent into matrixes, dissolution of drug molecules, and subsequent release of these
molecules to the medium. This fact can be observed when the release rate studies were
conducted for similar systems but different porous structures as consequence of preparation
method.

In these pharmaceutical processes, there are some parameters which can be modified with the
typical aims to incorporate the maximum amount of drug into the systems or to achieve a
proper drug delivery in physiological medium. In order to optimize these characteristics,
design of experiments is an interesting tool usually underestimated in the pharmaceutical
field; however, recently, it is being considered a point of interest to maximize the benefits of
some processes. Simplifying the process, reducing the economic cost, and improving the
characteristics of the final formulation are key features that can make a formulation cross the
barrier from laboratory to market. For this purpose, response surface methodology (RSM) has
proven to be a suitable tool when trying to optimize a procedure [20]. This strategy is especially
interesting when the response to be optimized is influenced by two or more parameters
simultaneously or when two different responses must be optimized at the same time.

It is worthy to note that one of the most common mistakes when a response is being optimized
is trying to modify each parameter independently. All individual parameters may produce a
determined variation in the response depending on the specific value taken by the other

Chitosan: Strategies to Increase and Modulate Drug Release Rate
http://dx.doi.org/10.5772/65714

109



influential parameters. For this reason, this parameter modification should be done simulta-
neously and not individually.

In the past, our group has explored the use of different polymers such as PEG [21], PVP [22],
poly(anhydride) [23], chitosans [18], or cyclodextrins [24, 25] to obtain systems, which can
increase the bioavailability of different drugs. To improve the properties of these delivery
systems, along with the drug of interest, various polymers can be combined to provide
improvements in several properties, such as the drug solubility increase and the achievement
of a controlled release system at the same time.

The aim of the current chapter was to investigate the possibilities and advantages of chitosan-
based system for the oral administration of drugs, which show low bioavailability as conse-
quence of its low solubility in different dosage forms: tablets and nanoparticles. Diflunisal (DF)
has been chosen as model molecule (Figure 3). It is a drug with analgesic and anti-inflamma-
tory activity, and it has been shown to interact with a high variety of polymers [26].

Figure 3. Representation of diflunisal molecule.

2. Materials and methods

2.1. Materials

Diflunisal (DF) was kindly supplied by Merck Sharp and Dohme (Spain). Chitosan (>375 kDa)
was supplied by Sigma-Aldrich with a degree of deacetylation of 75–85%. 2-(Hydroxypropyl)-
β-cyclodextrin (HPβCD) was purchased from Cyclolab (Hungary). Hydroxypropyl methyl-
cellulose (HPMC) K4M was obtained from Colorcon (Orpington, UK), and sodium alginate
(Alg) was supplied by Sigma-Aldrich. The reagents ethanol (Scharlau, PA), ammonium
hydroxide, and hydrochloric acid (Panreac, analytical grade) were used as received. All
aqueous solutions were prepared with deionized water obtained from a commercial Millipore
Elix 3 system (0.1 μS/cm conductivity).
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2.2. Preparation of solid dispersions

Diflunisal-chitosan solid dispersions were prepared by kneading at 20:80 drug/polymer ratio.
Chitosan was wetted in a mortar with a minimum volume of an ethanol/water solution (50%,
v/v) and kneaded with a pestle, while diflunisal was added until a dense paste was formed.

2.3. Preparation of nanoparticles

Chitosan-based nanoparticles can be easily formed via ionic gelation due to the interaction
between the positive charges of chitosan amine groups and negative charges of sulfate ions.
In order to incorporate the maximum amount of drug into nanoparticles, inclusion complexes
with cyclodextrins were previously formed by a coevaporation method.

Chitosan- and drug-cyclodextrin complexes were dissolved in water and added over an
aqueous solution containing sodium sulfate (SS). After the immediate formation by ionic
gelation, nanoparticles were centrifugated at 20,000 × g, frozen, and then freeze-dryed.

2.4. Optimization of nanoparticles: response surface methodology

The effective parameters in the NP formation process, including CS, sodium sulfate, and DF-
HPβCD complex concentrations were optimized using response surface methodology.
Statgraphics Centurion XVI.I software was used in order to find the best combination of factors
which minimize nanoparticle diameter and polydispersity index (PDI) simultaneously.
Central composite design (CCD) was chosen due to its orthogonal and rotable properties. It is
also an appropriate design of experiments when a process is influenced by more than two
factors at the same time because of the reduction of the experiment number:

Number of experiments  2  2·   central point replicatesn n= + + (1)

where n is the number of factors involved in the process optimization.

2.5. Characterization techniques

2.5.1. X-ray diffractometry (XRD)

X-ray powder diffraction patterns were collected on a X Bruker axs D8 Advance diffractometer
(Karlsruhe, Germany) using a CuKα radiation.

2.5.2. Scanning electron microscopy

The shape and surface morphology were examined by scanning electron microscopy (SEM)
(Zeiss DSM 940 A apparatus) provided with a digital image capture system (DISS de Point
Electronic GmBh).
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2.5.3. Transmission electron microscopy (TEM)

The morphology and size of nanoparticles in water solution were analyzed using a transmis-
sion electron microscope (TEM). Samples were analyzed using a LIBRA 120 energy-filtering
TEM (Zeiss) operated at 80 kV.

2.5.4. Dynamic light scattering

The size distribution of nanoparticles was determined by dynamic light scattering (DLS) using
a DynaPro photon correlation spectrometer at 25.0 ± 0.1°C. The intensity of size distributions,
expressed in terms of the hydrodynamic radius (Rh), was calculated by the Stokes-Einstein
equation:

h
0 06

kTR
Dph

= (2)

2.5.5. Zeta potential

The zeta potential of nanoparticles was measured by electrophoretic laser Doppler anemom-
etry using a Zetamaster analyzer system (Malvern Instruments, UK).

2.6. Dissolution rate studies

The in vitro dissolution studies of pure drug and tablets including solid dispersions were
performed using tablets containing 150 mg of diflunisal-chitosan solid dispersions. These
dispersions were pressed on an instrumented single-punch tablet press (Kilian SP300, IMA,
Germany) using round flat-faced punches (7 mm diameter and 3.15 mm thickness). HPMC
and sodium alginate were added directly before the compression process.

The dissolution rate assays were performed in a SOTAX AT 7smart (SOTAX, Basel, Switzer-
land) tablets, or NPs were placed in 900 mL of PBS (Phosphate Buffer Solution) 7.4 medium at
37.0°C and stirred at 50 rpm.

3. Results and discussion

3.1. Optimization of nanoparticle formation process

Nanoparticles were easily formed via ionic gelation due to the interactions between positive
charges of chitosan and negative charges of sodium sulfate.

Optimization of particle size was carried out using response surface methodology and central
composite design of experiments. In previous experiments, several characteristics of the
process were studied. Nanoparticles were formed using chitosan of high, medium, and low
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molecular weight; high molecular weight was the most suitable material because the chain
length is longer, and this fact facilitates folding and therefore the nanoparticle formation when
contact to the negative charges of sodium sulfate. The volume of solutions employed and
stirring rate were shown to be non-influential factors in the process. Table 1 shows factors to
optimize particle size and polydispersity index responses.

Factors Responses

Chitosan (%) HPβCD-DF (%) Sodium sulfate (%) NP size (nm) PDI

0.3 0.3 3 821 0.201

0.3 0.3 3 813 0.175

0.3 0.3 3 788 0.234

0.3 0.3 3 801 0.197

0.3 0.3 3 801 0.185

0.5 0.5 5 5217 0.721

0.3 0.3 6.4 2415 0.485

0.3 0.0 3 1851 0.258

0.3 0.3 3 783 0.414

0.3 0.3 3 797 0.294

0.3 0.3 3 846 0.215

0.1 0.5 5 697 0.109

0.3 0.3 0 – –

0.3 0.3 3 825 0.253

0.5 0.5 1 3655 0.449

0.5 0.1 1 504 0.263

0.1 0.1 5 1290 0.503

0.1 0.5 1 505 0.432

0.64 0.3 3 1002 0.218

0.5 0.1 5 1454 0.298

0.3 0.64 3 3811 0.516

0.1 0.1 1 488 0.218

0.0 0.3 3 – –

Table 1. Experiments corresponding to the central composite design study.

Analysis of variance (ANOVA) for particle size and polydispersity index allows us to identify
which factors and interactions between factors influence the responses. Pareto chart indicates
the statistically significant factors in order to build the response surface mathematical model
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(Figure 4). Subsequently, the mathematical model can be built to predict the response depend-
ing on the value taken by the factors.

Figure 4. Pareto chart (Factor A = chitosan concentration, Factor B = complex concentration, and Factor C = sodium
sulfate concentration).

The model obtained for the optimization of particle diameter explains 98.3% of the variability
in the experimental data, whereas for the optimization of polydispersity index, the model
obtained explains only 88% of the variability of experimental data. Figure 5 shows a schematic
representation of the response surface for a pair of factors influencing the particle size.

Figure 5. Schematic representation of response surface for particle diameter as a function of DF-HPβCD and sodium
sulfate concentration (variation in the third factor cannot be shown in the same figure; for this reason, chitosan concen-
tration has been set on 0.3%).

The three-dimensional representation of the response as a function of two factors (Figure 4)
does not allow us to visualize the minimum value for the selected surface. Figure 6 allows us
to carry out a preliminary analysis of the influence of each individual factor and its interactions
in the response.
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Figure 6. Schematic representation of the influence of each factor and the interactions between factors in the particle
diameter (Factor A = chitosan concentration, Factor B = complex concentration, and Factor C = sodium sulfate concen-
tration).

The minimum particle diameter was obtained for concentrations of chitosan 0.12%, DF-
HPβCD 0.34%, and sodium sulfate 2.2% according to the prediction of the mathematical model.
Moreover, the minimum polydispersity index was obtained for concentrations of chitosan
0.61% and sodium sulfate 1.2% (DF-HPβCD concentration is not an influence factor for PDI).

Figure 7. Schematic representation of response surface for convenience of responses as a function of DF-HPβCD and
sodium sulfate concentration (variation in the third factor cannot be shown in the same figure; for this reason, chitosan
concentration has been set on 0.3%).

As can be observed, the optimization of both responses leads to different values for the three
factors. It is therefore necessary to define a new function that optimizes the convenience of
both responses simultaneously. For that purpose, a weight three times greater was conferred
for the particle diameter than for polydispersity index. The representation of the response
surface desirability function is shown in Figure 7. The values of factors for obtaining the best
nanoparticles in terms of particle diameter and polydispersity index simultaneously are
chitosan 0.14%, DF-HPβCD 0.28%, and sodium sulfate 1.9%.

Once the model that describes the function convenience was built, the nanoparticles were
performed using the optimal conditions calculated showing a particle diameter of 515 nm and
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a polydispersity index of 0.14. The optimized nanoparticles showed a formation yield of 72.6%,
an encapsulation efficiency of 34% and the amount of drug encapsulated was 42.3 μg/mg.

3.2. Characterization of nanoparticles

After the optimization from based on response surface methodology, physicochemical
characterization of the optimized formulation was carried out.

It is important to ensure that all drug molecules are contained inside the nanoparticle and not
distributed on the surface in order to prevent releases in two stages when it is intended to
obtain controlled release systems [27]. With the aim to verify the distribution of drug in these
systems, X-ray powder diffractometry was carried out (Figure 8). The absence of drug crystals
on nanoparticle surface was corroborated, so a release in one single mode could be expected.

Figure 8. X-ray diffraction patterns of diflunisal (―), chitosan empty nanoparticles ( ), and optimized nanoparticle
formulation CS-(DF-HPβCD) ( ).

The study of nanoparticle morphology was carried out by transmission electron microscopy.
Round shape of nanoparticles can be visualized in Figure 9, confirming the previously
measured particle size by dynamic light scattering (DLS), which reported a particle diameter
distribution between 500 and 550 nm. The size measured by DLS is slightly higher than shown
in the TEM images. This fact is due to the measurements of hydrodynamic radius obtained by
DLS (which include solvent molecules displaced together with solid nanoparticles) and is
always higher than the real size of nanoparticles. The zeta potential of the systems was 33.2
mV ensuring the stability of the nanoparticles in solution.
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Figure 9. TEM image of the optimized nanoparticle formulation CS-(DF-HPβCD).

3.3. Characterization of solid dispersion systems

Diflunisal and chitosan solid dispersions were analyzed by X-ray diffractometry (XRD) and
scanning electron microscopy (SEM). It is important to characterize the crystalline state of drug
molecules if it will be administered by oral route. Drugs in crystalline state usually show a
lower dissolution rates, because it is necessary to use a certain amount of energy to break the
crystal lattice formed by drug molecules.

Figure 10. XRD patterns of diflunisal (–), DF-CS kneaded system ( ), and chitosan ( ).

The X-ray diffraction patterns of pure components, diflunisal and chitosan, and DF-CS-
kneaded systems are shown in Figure 10. Chitosan shows the typical profile of amorphous
materials. Diflunisal diffraction pattern showed the peaks of polymorph II [28, 29]. The
kneading of diflunisal and chitosan gave rise to amorphous systems, and the X-ray diffraction
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pattern showed the absence of reflections as a consequence of the breaking of crystal lattice
formed by molecules of diflunisal, which is molecularly dispersed within the amorphous
polymer.

SEM micrographs show diflunisal as long prismatic, rodlike crystals typical of crystalline
form II [19]. Chitosan particles showed rough surface with very different particle sizes. The
disappearance of diflunisal needle agglomerates when the complex was observed corroborates
the interaction between drug and polymer (Figure 11).

Figure 11. SEM micrographs of chitosan (A), diflunisal (B), and DF-CS-kneaded system (C).

3.4. Dissolution rate studies

3.4.1. Dissolution from tablets

Drug solubility enhancement caused by interaction with chitosan has been described previ-
ously in the literature [19]. The interaction by hydrogen bonds between diflunisal and chitosan
is the main reason by which a faster release of diflunisal can be expected when it is compressed
in the presence of chitosan. Different agents commonly used in the pharmaceutical industry
have been employed to modulate diflunisal release rate from solid dispersions formed with
chitosan by kneading. The dissolution rates from the different matrices prepared are shown
in Figure 12.

Diflunisal release from tablets formed by kneading with chitosan showed a very fast release
of diflunisal; in this case, the maximum amount of diflunisal was released to the medium in
less than 1 h. In order to modulate drug release rate, it is therefore necessary to employ agents
able to delay drug delivery. Sodium alginate and hydroxypropyl methylcellulose are widely
used in the pharmaceutical domain for this purpose. These agents cause matrix gelification in
aqueous solution promoting the slowly release of drug by diffusion from inside the matrix.
For both concentrations of alginate, the plateau was reached at 15 h; in case of the addition of
HPMC, the complete drug release was not achieved until 30 h, thereby achieving a much slower
release.
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Figure 12. Dissolution rate of diflunisal from tablets compressed DF-CS systems alone (■) or in combination with 20%

alginate ( ), 40% alginate ( ), and 40% HPMC ( ). Tablets compressed with pure diflunisal ( ).

Kinetic parameters were calculated with the aim to facilitate a rapid and easy comparison of
release profiles. Dissolution efficiency (DE) is defined as the percentage of area under the
dissolution curve at a fixed time. It is expressed as a percentage of the rectangular area
described by 100% dissolution in the same time [30]:

0

100

100

t

y dt
DE

y t

´
= ´

´

ò (3)

1

1

ˆ Δ
n

j j
j

n

j
j

t M
MDT

M

=

=

´
=
å

å
(4)

For calculating mean dissolution time (MDT), j is the sample number,   is the time at the

midpoint between tj and tj−1, and ΔMj is the additional amount of drug dissolved between tj
and tj−1. M12h indicates the amount of drug released at a fixed time (12 h). t5% indicates the time
needed to release a fixed amount of drug (5%). The trends exhibited by different profiles
according to the agents used can be quantified from the kinetic parameters shown in Table 2.
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Formulation tablets DE (%) MDT (h) M12h (mg/mL) t5% (h)

DF-CS 94,2 0.17 64.90 <0.3

DF-CS-Alg (20%) 68.8 2.03 60.85 0.3

DF-CS-Alg (40%) 60.4 2.96 58.41 0.3

DF-CS-HPMC (40%) 31.7 8.83 34.16 0.7

Table 2. Dissolution parameters for diflunisal release from different tablets.

As can be observed, DE value closes to 100% and low mean dissolution time indicates a fast
release of diflunisal from chitosan matrix causing this release that could be considered as burst-
type profile. When alginate or HPMC was added to DF-CS system, a significant decrease in
the dissolution rate was found, being more effective in case of HPMC as was evidenced by the
low DE value and highs MDT and t5% values.

To test whether the addition of a higher amount of alginate results in a significant change in
the rate of drug release, the comparison between different profiles can also be performed by
pair-wise procedures, including difference and similarity factors (Table 3). The different
factor (f1) measures the percent error between two curves over all time points, where n is the
number of sampling points and Rj and Tj are the percent dissolved of the reference and test
products at each time point j. Similar profiles yield f1 values lower than 15. Similarity factors
(f2) higher than 50 indicate similar release profiles. These parameters can be calculated by the
following equations:
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Profiles compared f1 f2
DF-CS vs DF-CS-Alg (20%) 71 26

DF-CS-Alg (20%) vs DF-CS-Alg (40%) 13 62

DF-CS-Alg (40%) vs DF-CS-HPMC (40%) 78 19

Table 3. Comparative parameters of diflunisal release profiles.

From the data obtained for difference and similarity factors, it can be concluded that the
addition of HPMC or alginate leads to different dissolution rates compared to DF-CS systems.
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Different amounts of alginate (20% vs 40%) do not involve significantly changes in diflunisal
release (f1 < 15 and f2 > 50). However, the addition of alginate and HPMC clearly proves to be
significant in the dissolution rate of the drug. The different dissolution rate reduction between
alginate and HPMC is also evident by comparison through f1 and f2.

In the light of the different dissolution profiles shown in Figure 12, the study of the mechanisms
involved in drug release from the different matrices is important for a better understanding of
the phenomena involved in this process.

The Korsmeyer-Peppas equation is a simple semiempirical model which relates drug release
with the elapsed time [31]. n Values indicate release exponent; for our systems, when it is close
to 0.43 means that drug release occurs by pure Fickian diffusion process, when relaxation
phenomena and erosion of matrix are involved in drug release, the n-value is approaching to
1. kKP is a constant incorporating the structural and geometrical characteristics of the matrix
system:

nt
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M k t
M¥

= (7)

The Peppas-Sahlin model fitted to the experimental data provides values of both diffusion
constant (kD) for the Fickian contribution and erosion constant (kE) for the erosional/relaxational
contribution, the m exponent is 0.43 for our systems [32]:
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Kinetic fitting to aforementioned mathematical models was carried out in order to analyze the
phenomena involving in drug release (Table 4).

Tablets Korsmeyer-Peppas Peppas-Sahlin (m = 0.43)
kKP (h−n) n R2 kD (h−1) kE (h−1) R2

DF-CS – – – – – –

DF-CS-Alg (20%) 0.315 0.50 0.9794 0.275 0.039 0.9801

DF-CS-Alg (40%) 0.188 0.76 0.9946 0.062 0.125 0.9941

DF-CS-HPMC (40%) 0.110 0.63 0.9978 0.067 0.048 0.9986

Table 4. Kinetic constants and correlation coefficients after data fitting to Korsmeyer-Peppas and Peppas-Sahlin
equations (DF-CS systems could not be fitted to kinetic equations because of the fast drug release rate corresponding to
burst type).

As can be observed in the values shown in Table 4, a mixture of phenomena that influence
drug release to the dissolution medium occurs for the systems studied (except DF-CS). In order
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to assess the contribution of erosion and diffusion phenomena, erosion (E) and diffusion (D)
relative contributions have been calculated [33] and represented as function of time in
Figure 13:
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Figure 13. Erosion (empty points) and diffusion (filled points) relative contribution for DF-CS-Alg (20%) (A), DF-CS-
Alg (40%) (B), and DF-CS-HPMC (40%) (C).

In all systems, the erosion contribution begins as less important than the diffusion contribution.
However, this trend was inverted for the three systems. For each system a time in which the
erosion is becoming more important than diffusion can be calculated. For Alg-20% system, this
change occurs around 12 h while occurring at 6 h for Alg-40% system and in less than 2 h for
HPMC-40% system. This contribution ratio explains why drug release from system containing
HPMC is slower; in fact, the amount of drug release is practically independent of time since
the erosion phenomenon reaches a greater importance than the contribution of diffusion
phenomena. The same trend, but at different time, can be observed for alginate systems where
the diffusion phenomenon remains longer.

3.4.2. Dissolution from nanoparticles

Diflunisal release from the previously optimized nanoparticle formulation has been studied.
The same amount of diflunisal contained in nanoparticles was tested for comparison purposes.
Drug dissolution profiles from nanoparticle system and pure diflunisal are shown in Figure 14.
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Figure 14. Dissolution rate of diflunisal from diflunisal powder ( ) and CS-(DF-HPβCD) nanoparticles ( ).

Diflunisal release from nanoparticles has proven to be faster than directly from diflunisal
powder. The total amount of drug encapsulated into nanoparticles was released within 6 h.
However, the amount of diflunisal released in the same time is less than 10 mg/L when drug
release occurs from diflunisal powder directly. This fact is due on one hand to the increase in
drug solubility produced by the presence of small amounts of chitosan and HPβCD in solution;
on the other hand, diflunisal molecules in nanoparticles are presented in the amorphous state,
which allow to a faster release than in the case of pure diflunisal, where an additional energy
is needed to break the crystal lattice.

The dissolution efficiency was 69.5% for nanoparticle system and 18.2% for pure diflunisal.
This difference shows clearly a faster dissolution rate and a greater amount of drug released.

Mathematical models cannot be applied to these systems, which do not have a controlled and
constant geometry that allows ascertain what proportion involved diffusion and erosion/
relaxation phenomena.

4. Conclusions

Chitosan can interact with a high variety of drugs due to its physicochemical properties. The
abundance and low cost associated with the production of chitosan make that it can be
considered as a promising material in pharmaceutical industry. Chitosan is a versatile product
able to be chemically modified and the ease to control the length of its polymer chains makes
chitosan an ideal product for use in controlled release formulations.

Response surface methodology is a good tool to optimize fabrication process of pharmaceutical
formulations when it depends on two or more factors. It is a good strategy to minimize the
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number of experiments and to avoid mistakes usually made when the factors involved in the
process are optimized individually.

The use of chitosan alone or in the presence of other excipients is made possible to obtain
delivery systems on demand in solid oral dosage forms as tablets or nanoparticles. It allows
us to modulate drug release from close to zero-order to type-burst kinetics.
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Abstract

This chapter is presented to depict the chance of marine polysaccharides satisfying the 
properties of good pharmaceutical excipients and the potential of that could be utilized 
as multifunctional pharmaceutical excipients in the pharmaceutical solid dosage form 
manufacturing as fillers, diluents/vehicles, binders, glidants, binders and disintegrants, 
and so on. In addition, this chapter discusses the use of marine polysaccharide holding a 
specific pharmacological activity in the formulation/dosage form, which is used for the 
same aliment/disease.

Keywords: marine polysaccharide, pharmaceutical excipients, bioavailability, drug 
delivery, dissolution, disintegrants, pharmacological activity

1. Introduction

Drugs, which are obtained from plants, animals, marine source or minerals, are not very often 
administered in their pure form. Before releasing into the market, these drugs are combined 
with a variety of inert substances (excipients/adjuvants) and modified into a dosage form, 
which is convenient to be administered by a specified route [1]. Similar to the drugs, these 
excipients are also obtained from many sources, namely natural, synthetic sources. Nowadays, 
the naturally obtained excipients have shown more interest due to the various advantages like 
low cost, biocompatibility, biodegradability, non-toxicity, easy availability, eco-friendly pro-
cessing, superior patient tolerance and acceptance [2]. Before, it was thought that the thera-
peutic reaction to a drug is a characteristic of its inherent pharmacological action. However, 
nowadays, it is much implicit that the dose-response connection obtained after drug adminis-
tration by various routes—for example, oral and parenteral—is not identical. The difference is 
also observed when the same medicine is administered as dissimilar dosage forms or similar 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



formulations produced by dissimilar manufacturers, which in turn depends upon the physi-
cal, chemical properties of the drug, the excipients present in the formulation, the technique 
of formulation and the way of administration [1].

Natural marine origins are among the most widely used excipients in the formulation of dif-
ferent dosage forms. A number of marine-based polysaccharides, such as agar, alginate, car-
rageenan, fucoidan, chitosan and hyaluronan are utilized in pharmaceutical dosage form as 
binders, vehicles, disintegrating agents, gelling agents and drug release sustaining agents [3].

The purpose of this review is to discuss potential pharmaceutical formulation development 
applications of marine polysaccharides, with a special emphasis in multifunctional excipients 
development for enhancing bioavailability, drug delivery applications. In addition, this review 
discusses the use of marine polysaccharide holding a specific pharmacological activity in the 
formulation/dosage form, which is used for the same aliment/disease, for example, incorpo-
rating the marine polysaccharide having anti-cancer activity in anti-cancer drug formulation 
as excipients. In fact, data has added that such excipients operate on well-distinct biological 
pathways and receptors in order to implement their valuable properties. If additives that work 
on several cancer pharmacological pathways or receptors targets are jointed together in con-
centrations that are at and/or more than their recommended levels, then there is a possibility 
exists that such a formulated dosage form may offer “standalone” control of cancer.

2. Marine polysaccharides, as multifunctional pharmaceutical excipients

A drug injected intravascularly (I.V/I.A) directly enters the blood and produces its pharmaco-
logical effects. The majority of drugs are administered extravascularly, usually through oral 
route. If anticipated to act systemically, such drugs can produce their pharmacological actions 
only when they come into the blood circulation from their site of application. In order to reach 
the blood circulation, orally administered formulation must disintegrate, deaggregate and 
dissolution of the drug in the aqueous fluid at the absorption site must occur [4]. If the drugs 
are not hydrophilic in nature, the absorption process of drugs like these is usually dissolution 
rate-limited (Figure 1).

Better absorption can be achieved by altering the characteristics of the dosage form using 
pharmaceutical excipients. Moreover, pharmaceutical excipients help in the manufacturing 
process by serving as a binder, diluents, wetting agent, filling agent, disintegrating agents, 
dissolution enhancers, and so on. [3]. Now their increasing demands and expectations 

Figure 1. The two rate-determining steps in the absorption of orally administered dosage form.
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with regard to quality have stimulated the development of new additives characterized by 
advanced assay and lesser content of impurities. Quality of formulation does depend on the 
quality of excipient [4]. The purpose of this study is to give a scope for the researchers to 
try and develop a formulation that is made up of just the drug and natural marine polysac-
charides. This review is done to depict the chance of some marine polysaccharides satisfying 
the properties of good pharmaceutical excipients if the stability of them has been explored 
sufficiently.

2.1. As binder

Marine polysaccharides can serve as a good binder in the production of tablets by the wet 
granulation method of manufacture. In this role, binders are either added as a solution or 
as a solid into the powder mix (following which the granulating fluid, typically water, is 
added). Due to the high concentration of hydroxyl groups in the polysaccharide, generally 
have a high water-binding capacity that makes wet granulation easier [5]. The responsi-
ble bio-adhesives marine polysaccharides have extraordinarily high cohesive strength and 
binding strength to the solid surfaces, enabling the API to remain attached under tensional 
conditions.

2.2. As diluents

Marine polysaccharides can be employed as diluents/fillers in the formulation of tablets (by 
all methods) to increase the mass of the solid dosage forms that hold a low concentration of 
therapeutic agent and thereby render the manufacturing process more reliable and repro-
ducible [6]. For example, chitin and chitosan are used as a diluent or filler and as a binder 
in direct compression of tablet processing, as a disintegrant, and so on. Chitin and chitosan 
have a lowest bulk and tapped density that cause good flow as well as compaction during 
filling and tablet compression processing. Figure 2 shows the structure of cellulose chitin and 
chitosan.

Figure 2. Structure of cellulose, chitin and chitosan.
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Figure 3. Disintegrants facilitating the breakdown of the tablet into granules.

2.3. As disintegrants

Disintegrants are materials added to the dosage forms that enhance the breakup or disinte-
gration of tablet formulations into smaller particles that dissolve faster than in the absence 
of disintegrants. These materials have the main role to oppose the efficiency of tablet binder 
and physical forces that behave under compression to form the tablets. Tablet disintegrant 

Biological Activities and Application of Marine Polysaccharides132



Figure 3. Disintegrants facilitating the breakdown of the tablet into granules.

2.3. As disintegrants

Disintegrants are materials added to the dosage forms that enhance the breakup or disinte-
gration of tablet formulations into smaller particles that dissolve faster than in the absence 
of disintegrants. These materials have the main role to oppose the efficiency of tablet binder 
and physical forces that behave under compression to form the tablets. Tablet disintegrant 

Biological Activities and Application of Marine Polysaccharides132

usually considered as the rate determining step (RDS) in a faster drug release. Marine poly-
saccharides may behave as a good disintegrating agent by increasing the porosity, wettability 
and wicking or capillary action and operate by swelling in the presence of aqueous fluids in 
tablet formulations to facilitate the breakdown of the tablet into granules upon entry into the 
stomach [7] (Figure 3).

2.4. As dissolution enhancers

Marine polysaccharides may serve as a dissolution enhancer for the poor soluble drug. These 
powders can reduce cohesive forces holding a tablet dosage form together and induce the 
breakup into smaller granules, thus increasing the effective surface area for dissolution (Figure 4).

2.5. As drug delivery carriers

Marine polysaccharides have been widely used to synthesize drug delivery carriers. They are 
bio-compatible, non-toxic and bio-degradable and stimuli-responsive makes marine polysac-
charides appropriate sources for the building of complex loading devices with a release that 
can be effectively controlled [4]. Table 1 shows the compilation of marine polysaccharides 
utilized as drug delivery carriers, and Figure 5 illustrates the mechanisms of various marine 
polysaccharide carriers and its method of preparation.

Drug delivery devices can be constructed using various methods and can be synthesized in a 
variety of shapes, such as hydro gels, micro or nanoparticles and capsules, capable of protecting 
a variety of bioactive agents such as proteins and nucleic acids.

Figure 4. Dissolution enhancer facilitating dissolution for the poor soluble drug.
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3. Pharmacological activity of marine polysaccharides  
and potential possibilities of standalone effects when incorporating  
as excipients

Marine polysaccharides stand for a number of abundant bio-active substances in marine 
organisms. In fact, numerous marine macro- and microorganisms are good quality posses-
sions of carbohydrates with miscellaneous applications due to their bio-functional efficacies. 
By involving on cell propagation and cycle, and by modulating metabolic pathways, marine 
polysaccharides have numerous pharmacological efficacies, such as antioxidative, antibacte-
rial, antiviral, immuno-stimulatory, anticoagulant and anticancer effects. Besides the polysac-
charides, monosaccharides are useful for humans and can cure many diseases, mainly those 
linked to metabolism deficiency such as diabetes.

There has been growing facts in recent years that pharmaceutical additives may not be harm-
less, “inert” components of a formulation, but may hold either “stand alone” pharmacological 
activity or may act to modify the pharmacological efficacy of the API. Because most excipients 
have historically derived from food or food products, they have been assigned—and in most 
cases, experimentally confirmed—to have widespread pharmacological activity based on the 
ingestion of those products. Marine polysaccharides holding a specific pharmacological activ-
ity can be incorporated as an excipient in the formulation/dosage form, which is used for the 
same aliment/disease. Table 2 shows the pharmacological activity of marine polysaccharides, 
and Figure 6 illustrates the mechanism of action involved in the pharmacological activity of 
marine polysaccharides.

Figure 5. Illustrating the mechanism of various marine polysaccharide carriers and their method of preparation.
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Figure 6. Illustrating the mechanism of action involved in the pharmacological activity of marine polysaccharides.

S. no Marine polysaccharide Source Pharmacological activity

1. Alginate Brown sea weed

2. Carrageenans Red algae Anticoagulant [37], Anti-tumour [38] , Immuno-modulator 
[39], anti-hyperlipidaemic [40], Antioxidant [41], 
Antibacterial, viral [42], bird flu, dengue, Hepatitis A, HIV 
[43]

3. Fucoidans Brown algae Anti-tumour [44, 45], anti-thrombin [19], anti-coagulant, 
anti-inflammatory, anti-adhesive and anti-viral [46], burn 
treatment [47]

4. Ulvans Green algae Anti-viral, anti-oxidant, anti-coagulant, anti-tumour,  
anti-hyperlipidaemic and immune system enhancer [48]

5. Chitosans Marine animal (chitin) Antimicrobial [49], anti-tumour and inflammatory [50]

6. Hyaluronans Marine animal 
(glycosaminoglycans)

Wound treatment [51], supplement for arthritis [52]

7. Chondroitin sulfate Marine animals (whale  
and shark)

Anti-coagulant [53], supplement for arthritis [53]

8. Dermatan sulfate Ray skin 
(glycosaminoglycans)

Anti-coagulant [54]

9. Heparan sulfate Ray skin 
(glycosaminoglycans)

10. Keratan sulfate Ray skin 
(glycosaminoglycans)

Anti-adhesive, osteoarthritis [54]

11. Agarose Red algae Glucose intolerance in type 2 diabetes mellitus, weight loss, 
anti-bacterial [40]

Table 2. Pharmacological activity of marine polysaccharides.
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However, the majority of the pathways or modes of action has not been revealed in humans. In 
addition, fairly only some have been investigated in-vitro. These in-vitro findings are unable 
to extrapolate into their actions in-vivo in humans. There should be well-controlled human 
clinical investigations using such a mixture of additives are essential prior to any rationaliza-
tion for effectiveness can be asserted.

Ideation of using “marine polysaccharide bio-active excipients” is possible for diseases that 
are chronic in nature and for whom gradual and lasting beneficial efficacy may be observed 
from the modulation of signalling pathways that direct to incremental but visible improve-
ments in the quality of life. Such “marine polysaccharide bio-active excipients” may not be 
efficient for acute diseases for which radical interventions are necessary.

4. Conclusion

Marine polysaccharides have a huge potential as multifunctional pharmaceutical excipients 
for commercial needs. However, there is a need to characterize, check compatibility of these 
polysaccharides to produce pharmaceutical grade additives that could find the utility in drug 
dosage form. In addition, research is warranted in pharmacodynamic interaction of these 
marine polysaccharides and particular drug when using for same aliments.
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Abstract

Marine polysaccharides (e.g., chitosan, alginate and agarose) meet the requirements of
artificial nerve grafting. These include the following: (1) prerequisites of biopolymers
used as scaffolds; (2) conditions required by nerve autografts; (3) macroengineering
requirements  (form,  design);  (4)  microengineering  requirements  (microgrooves,
inclusion  filaments);  (5)  mechanical  conditions  required  by  nerve  autografts;  (6)
molecular  aspects  of  peripheral  nerve  regeneration;  space  and  adherence  for:  (i)
chondroitin  sulfate  proteoglycans,  (ii)  neurite  outgrowth  promoting  factors,  (iii)
neurotrophic  factors,  (iv)  cells;  (7)  artificial  side  grafts  should be  compatible  with
autologous nerve grafts; (8) spatial distribution of neurotrophic factor gradients; (9)
modulation of  fibrosis;  (10)  renewal  of  luminal  fillers.  The  mechanical  stability  of
chitosan should be increased by adding other polymeric chains and cross-linking. As a
result  of  deacetylation  of  chitin,  chitosan  scaffolds  have  got  numerous  positively
charged free amino groups that provide adherence for growth factors and cells. To
modulate fibrosis, heparin cross-linked chitosan microspheres have proved effective for
delivering/transplanting cells, heparin and growth factors. To renew luminal fillers,
chitosan microspheres may be injected through an indwelling catheter incorporated into
the nerve conduit. Agarose and alginate have gained more acceptance as hydrogel
lumen fillers. Interacting with positively charged chitosan, negatively charged alginate
may form versatile chitosan-calcium-alginate microspheres.

Keywords: nerve grafting, side grafting, brachial plexus lesions, artificial nerve grafts,
chitosan, agarose, alginate
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1. Introduction

After brachial plexus traction injuries, the nerve gap may be too large to be bridged by autoge-
nous nerve grafts alone. This has prompted neuroscientists to investigate the use of artificial
nerve grafts. Materials used as scaffolds for these grafts are summarized in Table 1 [1–4].
Biodegradable materials have displaced nondegradable silicone nerve conduits because these
have been associated with a chronic tissue response and poor regeneration [4–6]. Several tube
and sheet forms are readily available on the market for use in peripheral nerve repair [e.g.,
Neurotube [polyglycolic acid (PGA), Synovis], Neurolac (poly-dl-lactide-caprolactone, PLCL,
Polyganics  BV),  NeuraGen  (collagen  type  I,  Integra  NeuroSciences)  and  Neuro-Matrix/
Neuroflex (collagen type I, Collagen Matrix Inc) [7–10]. The degradation rate of these conduits
typically ranges from months (Neurotube in 3 months and NeuroMatrix in 7 months to years;
Neurolac in 16 months and NeuraGen in 4 years) [4, 11]. A few of these resorbable conduits have
been tested clinically in short nerve defects [2, 12–15]. Comparable or even superior results have
been reported compared to nerve autografts [13, 15, 16]. In reconstructing long nerve defects,
Neurolac and NeuraGen nerve conduits have induced functional recovery similar to nerve
autografts [4, 17, 18]. Nevertheless, use of nerve conduits has been limited to nerve gaps less
than 3 cm in length [2, 19]. Because of this, their clinical use has been limited, especially in brachial
plexus lesions.

1. Autogenous biological conduits

1.1. Artery

1.2. Vein

1.3. Muscle

1.4. Tendon

2. Nonautogenous biological conduits

2.1. Nerve allografts

2.2. Decellularized biomatrices

2.3. Conduits consisting of basal laminae

2.4. Natural polymers; in vivo extracellular matrix polymers

2.4.1. Collagen

2.4.2. The glycosaminoglycan hyaluronic acid. Hyaluronic acid has been developed into an extremely useful copolymer

gel with methylcellulose

2.5. Natural polymers; polymers derived from blood

2.5.1. Plasma derived polymers

2.5.2. Fibronectin

2.5.3. Fibrin

2.6. Natural polymers; polymers from marine life
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2.6.1. Agarose is a linear polysaccharide derived from seaweed and cross-linked by temperature gradients through

hydrogen bonding

2.6.2. Alginate is obtained from algae and the polymer solution is cross-linked by calcium into a sponge-like structure

2.6.3. Chitosan is a glycosaminoglycan (GAG) carbohydrate polymer derived by chemical deacetylation of chitin, the

major structural polysaccharide found in crustacean, shellfish and insect shells

2.6.4. Carrageenan

2.6.5. Fucoidans

2.6.6. Ulvans

2.6.7. Hyaluronans, chondroitin sulfates, dermatan sulfates, heparan sulfates, keratin sulfates

3. Nonbiological conduits, nonabsorbable nerve conduits

3.1. Silicone

3.2. Polytetrafluoroethylene (ePTFE)

3.3. Gore-tex

3.4. Longitudinally oriented suture material (silk)

4. Nonbiological conduits, absorbable nerve conduits

4.1. Aliphatic polyesters

Members of this family include polyglycolic acid PGA, poly(lactic acid) (PLA), polycaprolactone (PCL) and their

copolymers like PLGA

4.2. Poly(phosphor)esters (PPE)

Such polymers contain a characteristic phosphoester linkage in the backbone, which is more easily cleaved via

hydrolysis in physiologically relevant conditions than the ester linkage. One type is poly(bis(hydroxyethyl)

terephthalate-ethylphosphoester). Another one is poly(caprolactone-co-ethyl ethylene phosphate) (PCLEEP)

4.3. Polyurethanes

DegraPol is an example. It is synthesized by coupling poly(R-3-hydroxybutyric acid-co-R-3-hydroxyvaleric acid)-diol

and poly(glycolide-co-caprolactone)-diol (PGCL) with 2, 2, 4-trimethylhexamethylene diisocyanate

4.4. Hydrogel-based conduits

These are based on polyethyleneglycol, a biodegradable synthetic polymer of ethylene oxide units. Hydrogel tubes are

fabricated from poly(2- hydroxyethyl methacrylate) (PHEMA). PHEMA homopolymer may be copolymerized with

methyl methacrylate (MMA) to provide greater rigidity. These PHEMA-MMA tubes have a biphasic wall structure,

with an outer gel-like layer and inner porous layer

4.5. Piezoelectric polymers

Poled poly(vinylidene fluoride) (PVDF) conduits are fabricated by stretching PVDF conduits (to mechanically align

dipoles) and then subjecting them to an electric field nA copolymer of PVDF and trifluoroethylene (PVDF–TFE) does

not require mechanical stretching to align the dipoles. Positively poled PVDF–TFE conduits have shown the best

results

Table 1. Scaffolds serving as nerve conduits.
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The clinical use of artificial nerve grafts has gained new impetus, however. First, advances in
conduit lumen filler technology have made it possible to use nerve scaffolds to bridge large
peripheral nerve defects [20]. Second, after conventional end-to-end grafting, side grafting has
made it possible to increase the incidence of nerve regeneration by applying additional
(artificial) grafts extending from the side of the donor end to the side of the recipient end, so-
called co-grafting [21]. Third, the axonal growth cone has been found to be sensitive to spatial
molecular concentration gradients of nerve growth factors [22, 23]. Thus, artificial nerve side
grafts supplied with spatial molecular concentration gradients of nerve growth factors might
not only act as additional grafts to autografts but might provide additional stimulation to
axonal growth cone progression within autografts as well. This might provide a solution for
limited axonal progression in long-standing lesions (of more than one-year duration) or for
partially regenerated lesions (obstetric brachial plexus lesions after 3 years of age). In light of
these findings and expectations, the requirements of an artificial nerve graft have to be
redefined. Marine polysaccharides (chitosan, alginate and agarose) may be modified or
combined with other polymers, thus offering wide versatility to meet these requirements.

2. Requirements of an artificial nerve graft

Biopolymer scaffolds used as artificial nerve grafts should be biocompatible; their absorption
and degradation kinetics should match the degree of in vivo cell/tissue growth; they should
have adequate surface for cell access, proliferation and cell differentiation and lastly, they
should not be toxic or carcinogenic; the same applies to their degradation products [24]. In
addition, they should meet specific requirements

2.1. Artificial nerve grafts should fulfill the same conditions required by nerve autografts

In 1943, Seddon recognized three nerve injury types as follows: neuropraxia, axonotmesis and
neurotmesis [25]. In 1951, Sunderland [25, 26] elaborated on this classification recognizing five
degrees of nerve injury. A sixth degree has recently been added by Mackinnon [25]. Millesi [26]
has subclassified Sunderland’s classification according to the degree of fibrosis (Table 1).
Autogenous nerve grafting is the standard for repair of irreducible nerve gaps (Millesi
Subtypes 3C, 4N, 4S; Sunderland Type 5, Mackinnon Type 6) [26]. Autogenous grafts act as
immunogenically inert scaffolds for axonal cone progression, providing simultaneously
neurotrophic factors and Schwann cells for axonal regeneration [26].

2.1.1. Artificial nerve grafts should meet macroengineering requirements

To act as interposition nerve grafts, biomaterial polymer nerve scaffolds should meet macro-
engineering requirements, that is, they should be of proper form, design (shape) and size
(diameter). In addition, they should be supplied with macrogrooves and have reasonable wall
thickness. As to form, scaffolds may be delivered as gels, as sponges, or as solid scaffolds [10,
27]. Comparing various designs of porous poly(ε-caprolactone) synthetic polymer scaffolds
(cylinder, tube, multichannel and open-path design with and without a central core), Wong et
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al. [28] have concluded that open path designs are superior in terms of regenerative capacity
and biocompatibility (Figure 1a and b). The relationship between scaffold channel diameter
and the number of axons regenerating has been studied. Larger areas of fibrosis and a reduced
axonal numbers are associated with larger tube diameters [29]. PLGA scaffolds with multiple
longitudinally aligned macrogroove channels of 450 and 660 μm constructed using injection
molding and seeded with Schwann cells support robust axonal growth [1, 30]. A close
relationship between the formation of neuromas in regenerated tissues and the thickness of the
conduit tube wall [31] has been observed. Tube wall thickness greater than 0.81 mm significantly
attenuates axon growth [32], probably by decreasing nutrient diffusion and wall porosity.
Kokai et al. have demonstrated that a wall thickness of 0.6 mm, a porosity of 80% and a pore
size range of 10–40 μm are optimal for peripheral nerve repair [33, 34].

Figure 1. Nerve conduit design. According to Wong et al. [28], open path designs are preferable. It follows, that an
open ¾ cylinder (a) is superior to a closed cylinder (b). However, both should be supplied with longitudinal macro-
grooves (1) for fascicular regeneration and microgrooves (2) for axonal regeneration.

2.1.2. Artificial nerve grafts should meet microengineering requirements

Microengineering refers primarily to microgrooves directing axonal growth [35–37]. Micro-
grooves can be placed in the polymer surface by laser etching. A minimum groove depth of
2 μm [38], associated with narrow ridges (5 versus 10 μm) have improved neurite outgrowth
and promoted cell adhesion [39]. Further improvements in neurite outgrowth can be obtained
with coating the grooved surface with collagen or laminin peptides [40–42].

Figure 2. To enhance axonal progression, a closed cylinder nerve conduit should be filled with filaments (1), growth
factors (2) and cells (3). In addition, it should be porous (4) (a). In a ¾ cylinder, to increase surface area to volume ratio,
the wall of the cylinder should be hollow and filled with filaments, growth factors and cells (b).
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Another microengineering aspect refers to axonal preference to grow along the length of micro
and nanofibers of polymers [1]. The inclusion of filaments into the lumen of large tube diameter
silicone tubes has been suggested by Lundborg et al. [43]. The aim has been to increase the
overall cross-sectional area of the regenerated nerve fibers. Itoh et al. [44] have used eight
collagen or polyester filaments. Synthetic or biological filament lumen fillers have been used
ever since to enhance nerve regeneration (Figure 2a and b). Increasing the whole filament
surface area by increasing their number and reducing their diameter (increased surface area-
to-volume ratio) is a serious consideration [4, 43–47].

2.1.3. Artificial nerve grafts should fulfill the same mechanical conditions required by nerve autografts

A nerve conduit should possess sufficient toughness to resist compression or collapse, yet still
be flexible and suturable [4, 48]. Ideally, a nerve conduit should have an elastic modulus
comparable with that of a nerve autograft. In end-to-end grafting, nerve end/artificial graft
elastic or shear modulus inequality might produce tension, compression or shear at the repair
site, ending up with fibrosis and hampering progression of regeneration. Such inequality
might also lead to rupture of the small caliber sutures (nylon or prolene 9/0 or 10/0 sutures)
used for fascicular grafting. On the contrary, during side grafting, cografting with an artificial
graft of slightly higher modulus of elasticity (e.g., 64.3–69.8 MPa PLLA versus 11.7 MPa
peripheral nerve tensile strength [48, 49]) aids in absorbing tension off the nerve ends and off
the autograft. This may improve regeneration [50, 51] (Figures 3a–c and 4a–c).

Figure 3. Suturing a nerve conduit (high tensile, compression and shear modulus of elasticity) (1) in an end-to-end
fashion to a nerve end (low tensile, compression and shear modulus of elasticity) (2) produces high point contact
stresses at the suture lines (3), leading to their rupture (a). Also, high point contact stresses lead to an inflammatory
reaction and secondary fibrosis hampering further regeneration. After successful end-to-end suturing, if a ¾ nerve con-
duit is applied as a side graft to both ends (b), it transfers ‘absorbs’ stresses from the sutured ends and transfers them
to a whole proximal or distal segment. Unloading the suture line promotes axonal sprouting; transferring stresses to a
broad segmental area decreases stresses to a point that produces some damage which is necessary for side axonal
sprouting but that will not hamper axonal regeneration. The same effect is produced, when a ¾ nerve conduit is side
grafted to an end-to-end autografted area (4) (c).
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Figure 4. Stress unloading effect of side conduits; illustrative clinical case. During a road traffic accident, a 24 year lady
had sustained an intercondylar fracture of the lower end of the humerus associated with a partial injury of the ulnar
nerve. The intercondylar fracture had been fixed successfully (a). The patient presented to us with partial claw hand
deformity. (b) The zone of injury on surgical exploration of the ulnar nerve (area between yellow arrows). The ulnar
nerve was shortened, so that the injury zone formed a U-shaped loop. The healthy proximal and distal nerve ends
were next sutured to an underlying silicone sheet (green arrow) to unload the U-shaped segment (c). The patient re-
covered full hand function in 9 months.

2.2. Requirements based on molecular aspects of peripheral nerve regeneration

Artificial nerve scaffolds should provide adequate space for the interplay and manipulation
of the different molecular pathways for axonal (peripheral nerve) regeneration [35, 36, 52, 53]
(Figure 5).

Biomaterial polymer nerve scaffolds should provide adequate space and adherence for the
following: (1) Fibrous tissue and chondroitin sulfate proteoglycans necessary for basal lamina
synthesis; (2) Neurite outgrowth promoting factors [e.g., laminin (LN), fibronectin (FN), heparin
sulfate proteoglycans (HSP) and tenascin]; (3) Neurotrophic factors which include (a) the
neurotrophins [nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5)]; (b) the neurokines [ciliary neurotro-
phic factor (CNTF) and leukemia inhibitory factor (LIF)]; (c) the transforming growth factor
(TGF)-b family [TGF-b1, TGF-b2, TGF-b3, glial cell line derived neurotrophic factor (GDNF)];
(4) Schwann cells and other cell types. In a systematic review comparing functional results of
different biomaterial polymer nerve scaffolds in rat experiments, Sinis et al. [54] have noted
more favorable outcome of conduits coated with Schwann cells compared to plain synthetics.
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To provide adequate space and adherence for cells and molecules, biomaterial polymer nerve
scaffolds should be porous [1]. Currently, ideal scaffolding should have 80–90% porosity with
a pore size of 50–250 μm. Its pores should be interconnected so as to allow for the introduction
of lumen fillers [24, 55]. Lumen filler technology allows for incorporation of cells and molecular
factors into nerve conduits using intermediary supporting matrices; its methods have been
reviewed elsewhere (Figure 2a and b) [56]. One method involves incorporating growth factors
into supporting matrices placed inside the lumen (e.g., hydrogel-forming collagen, fibrin,
laminin, alginate, heparin and heparin sulfate). In general, relatively weak hydrogel-forming
matrices are preferred to denser matrices because the latters can obstruct the path of axonal
growth through the lumen [57, 58]. Growth factors interact with matrix materials in a number
of important ways (ligand-receptor binding, ionic, electrostatic, hydrophobic, or covalent
interactions). Ligand-receptor binding, for instance, may slow down the release of growth
factors and protect against enzymatic degradation during nerve regeneration. A second method
of lumen filling is incorporating accessory cells (e.g., Schwann cells) into a supporting matrix.
Different matrices have been used successfully with Schwann cells for this purpose, such as
alginate-fibronectin, collagen, gelatin and matrigel. Also, ingrowing Schwann cells and axons
can be guided by such matrices for enhanced nerve regeneration. A third method of lumen
filling is impregnating the neural conduit wall with cells or neurotrophins via cross-linking or
immobilization in multichannel nerve conduits [56].

Figure 5. Molecular aspects of axonal regeneration. I. Neurite outgrowth promoting factors [laminin (LN), fibronectin
(FN), heparin sulfate proteoglycans (HSP) and tenascin] pave the proper path by supplying orientation and adhesive-
ness for axons. II. Neurotrophic factors include a. neurotrophins (NGF, BDNF, NT-4/5); b. neurokines (CNTF, LIF); c.
(TGF)-β family TGF-β1, TGF-β2, TGF-β3, GDNF. III. Schwann cells. All of these factors combined should be available in
a nerve conduit. The presence of single or few items (e.g., laminin, nerve growth factor, Schwann cells, mesenchymal stem cells)
does not suffice for peripheral nerve regeneration.

2.3. Requirements based on recent findings of side grafting (cografting autologous nerve
grafts with biomaterial polymer nerve scaffolds)

In side grafting, the donor side is grafted to the recipient end; donor side collateral sprouting
is stimulated by mechanical trauma or axotomy [25]. Similarly, the incidence of nerve regen-
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eration after conventional end-to-end grafting can be increased by applying biomaterial
polymer nerve side grafts extending from the side of the donor end to the side of the recipient
end [21] (Figure 3c). Cografting autologous nerve grafts with biomaterial polymer nerve
scaffolds presupposes biocompatibility between both.

2.4. Requirements based on spatial distribution of neurotrophic factor gradients

The axonal growth cone is sensitive to spatial molecular concentration gradients [22]. In a study
by Rosoff et al. [22], axonal growth has been shown to be enhanced by a steep nerve growth
factor (NGF) spatial concentration gradient. Axonal growth cones also preferentially advance
up gradients of laminin [59]. For the spinal cord, gradients have been made in natural and
synthetic polymers with laminin [1, 60]. Utilizing biomaterial polymer nerve scaffolds, axonal
growth can be hypothetically made to bridge the whole length of the neural gap by seeding
the scaffolds with multiple NGF spatial concentration gradients [23]. By diffusion, these NGF
spatial concentration gradients might also enhance axonal growth within the adjacent natural
nerve side and end-to-end autografts (Figure 6).

Figure 6. Spatial distribution of molecular factor gradients (1). Utilizing biomaterial polymer nerve scaffolds, axonal
growth can be hypothetically made to bridge the whole length of the neural gap by seeding the scaffolds with multiple
NGF spatial concentration gradients [23]. By diffusion, these NGF spatial concentration gradients might also enhance
axonal growth within the adjacent natural nerve side and within the end-to-end autografts.

2.5. Requirements based on modulation of fibrosis

Scar formation prevents progression of axonal regeneration. Lysing the fibrosis/gliosis in the
injury zone to an extent that allows settling of the basal lamina preventing meanwhile collapse
of the neural tissue matrix is therefore essential. Recognizing this, Millesi [26] has modified
Sunderland’s classification of nerve injuries based on the degree of epineurial, perineurial and
endoneurial fibrosis (Table 2). Clinically, surgical neurolysis of brachial plexus lesions has
proven to be an effective procedure [50, 51, 61]. Heparin has been used for a long time in plastic
surgery to lyse scar tissue [62]. Its perineural application has improved functional recovery
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[63]. Among other actions, heparin influences fibroblast growth factor responsible for cell
proliferation, differentiation, signal transduction and angiogenesis [64–66]. In the central
nervous system, injured axons encounter a series of inhibitory factors [67]. Chondroitinase
ABC lyses chondroitin sulfate proteoglycans allowing regenerating axons to progress to distal
targets [68–70].

Seddon type Sunderland type-millesi subtype

Neuropraxia Sunderland type 1—there is transient conduction block without disruption of the anatomical
structure of the nerve. Wallerian degeneration does not occur distal to the injury. Full nerve function
is expected without intervention within 12 weeks

Millesi subtype 1A—there is fibrosis of the epifascicular epineurium, necessitating an epineurotomy
to enhance regeneration

Millesi subtype 1B—there is fibrosis of the interfascicular epineurium, necessitating a partial
epineurectomy to enhance regeneration

Axonotmesis:
the axons
are disrupted
and Wallerian
degeneration
occurs

Sunderland type 2—the endoneurim and perineurium are intact and complete regeneration and
functional recovery occurs.

Millesi subtype 2A—there is fibrosis of the epifascicular epineurium, necessitating an epineurotomy
to enhance regeneration

Millesi subtype 2B. There is fibrosis of the interfascicular epineurium, necessitating a partial
epineurectomy to enhance regeneration

Sunderland type 3—the axon and endoneurium are damaged, but then perineurium and epineurium
are intact. This results in disorganized regeneration which can result in obstruction or diversion of
axons from their correct paths

Millesi subtype 3A—there is fibrosis of epifascicular epineurium, necessitating an epineurotomy to
enhance regeneration

Millesi subtype 3B—there is fibrosis of the interfascicular epineurium, necessitating a partial
epineurectomy to enhance regeneration

Millesi subtype 3C—there is additional endoneural fibrosis. During surgery, electric stimulation of
the affected nerve shows poor contraction of the muscle(s) supplied by it. Treatment is by excision of
the fibrotic segment and nerve grafting

Sunderland type 4—fourth degree injuries involve damage to all structures, however, continuity of
the nerve trunk is bridged by a mass of connective tissue, Schwann cells and regenerating axons.
Conduction down the nerve is not possible

Millesi subtype 4N. The scar is invaded by neuroma. During surgery, electric stimulation of the
affected nerve shows decreased or lost contraction of the muscle(s) supplied by it. Treatment is
accordingly surgical by neurolysis or excision and nerve grafting

Millesi subtype 4S—the scar consists of fibrosis only. During surgery, electric stimulation of the
affected nerve shows lost contraction of the muscle(s) supplied by it. Treatment is surgical by excision
and nerve grafting

Neurotmesis
(complete
division of

Sunderland type 5—the continuity of the nerve/brachial plexus roots, trunks, divisions or cords is
completely interrupted. There may be brachial plexus root avulsions. Root avulsions are excluded by
myelography or intraoperative foraminotomy. During surgery, electric stimulation of the interrupted
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Seddon type Sunderland type-millesi subtype
the nerve) nerve shows lost contraction of the muscle(s) supplied by it. Treatment is surgical by excision and

nerve grafting, or by nerve transfer in root avulsions

MacKinnon type 6—a sixth degree of injury has been described by MacKinnon [25]. This refers to
lesions with a mixed pattern of injury where there are varying degrees of injury in different sections
of the nerve

Table 2. Treatment based classification of nerve injuries.

Figure 7. Modulation of fibrosis by heparin microspheres (1). Use can be made of both heparin as a neurolyzing agent
as well as its ligand–receptor binding property. Knowing that heparin can bind FGF-2 and prevent its degradation,
Han et al. have constructed a nerve conduit with a heparin-incorporated fibrin–fibronectin matrix to deliver this
growth factor to the injury site [73].

Can we use artificial nerve side grafts supplied with spatial molecular concentration gradients
of nerve growth factors for the following purposes simultaneously:

- to act as additional side grafts to end-to-end autografts as discussed under ‘ requirements
based on recent findings of side grafting’,

- to stimulate axonal growth cone progression within end-to-end autografts as discussed under
‘requirements based on spatial distribution of neurotrophic factor gradients’,

- to lyse postoperative fibrosis after brachial plexus surgery and direct cord implantation (using
heparin and chondroitinase ABC respectively),

- as a result of the above, to regain full hand, elbow and shoulder functions in recent (less than
1 year) total brachial plexus palsy,

- as a result of the above, to provide a solution for limited axonal progression in long-standing
brachial plexus lesions (of more than one-year duration) or for partially regenerated lesions
(obstetric brachial plexus lesions after 3 years of age). This is an important consideration in
view of the mounting evidence that motor endplates do not atrophy but are in a continuous
regenerative process [71, 72].
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Advances in lumen filling technology points to the possibility of all of the above (Figures 2a,
b and 7). Use can be made of both heparin as a neurolyzing agent as well as its ligand–receptor
binding property. Heparin-incorporated fibrin–fibronectin matrices can enhance nerve
regeneration by binding to FGF, GDNF and NGF [73–76], preventing their enzymatic cleavage,
allowing them to bind to their respective growth factor receptors with greater affinity thus
improving signal transduction [77, 78] and allowing for their release at a slower rate compared
to when bound to a fibrin matrix alone [79, 80].

2.6. Requirements based on the necessity of renewal (recycling) of luminal fillers to allow
for the replenishment of cells, molecular factors and concentration gradients

Closely linked to the above questions, is the following question. In global brachial plexus
avulsions associated with extensive fibrosis and in which the whole brachial plexus has
retracted to the axilla, can we use artificial side grafts to improve the results of direct cord
implantation? In such a situation, the nerve gap is extensive and associated with excessive
scarring. The axonal growth cone would thus take years to reach the target muscles. Conse-
quently, the factors mentioned before have to be replenished continually.

Figure 8. Catheter placement. Versatility is required to achieve the following three aims simultaneously: inserting and
keeping the cell and drug delivery system (catheter (1)) patent; dissolving the fibrous tissue (2) that blocks pores after
release of molecules and cells and replenishment of released molecules and cells associated with preservation of their
spatial concentration gradients. To replenish cells and growth factors, chitosan microspheres (3) may be injected
through an indwelling catheter incorporated into an external coat (4) of the nerve conduit. The internal surface of the
catheter should be hydrophobic to inhibit adherence of cells and molecules to it, preventing its blockage. Although
agarose and alginate have also served as nerve conduit scaffolds, they have gained more acceptance as hydrogel lumen
fillers. Alginate, in particular, has been used both as a lumen filler and for encapsulation of cells and drugs. Interacting
with positively charged chitosan, negatively charged alginate may form versatile chitosan-calcium-alginate micro-
spheres. These may be useful tools for delivering cells and molecules through the catheter-conduit interface without
blocking it.

This can take place through a continous cell and drug delivery system (catheter) [81, 82].
Versatility is required to achieve the following three aims simultaneously: keeping the cell and
drug delivery system (catheter) patent; dissolving the fibrous tissue that blocks pores after
release of molecules and cells and replenishment of released molecules and cells associated
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with preservation of their spatial concentration gradients. Microsphere, nanosphere and
nanoshell technology is one method to achieve the previous aims [1, 83, 84]. Controlling surface
tension as well as hydrophobic and hydrophilic properties of the conduit lumen and the
microspheres may help us fulfill the simultaneous three aims described previously (Figure 8).

3. Chitosan as a biomaterial polymer nerve scaffold

3.1. Chitosan as a biopolymer; special properties

Chitosan [poly-(β-1/4)-2-amino-2-deoxy-d-glucopyranose] [1, 24] is a biocompatible biopolymer
made of d-glucosamine and N-acetyl-d-glucosamine bonds and β bonds (1–4), in which
glucosamine is the predominant repeating unit in its structure; it is a derivative of alkaline
deacetylation of chitin.

The degree of deacetylation represents the rate of d-glucosamine units with respect to the total
amount of N-acetyl-d-glucosamine that makes the chitosan molecule [24]. A deacetylated
chitin over 60 or 70% is already considered to be chitosan. Deacetylation transforms the acetyl
group into a primary amino group, which is more hydrophilic than the preceding molecule.
The degree of deacetylation influences biodegradation. At a greater degree of deacetylation (between
84 and 90%), the degradation process is delayed. The free amino groups in the polymer chain
exposed as a result of deacetylation confer a positive charge to chitosan. The positive charge
in chitosan allows for many electrostatic interactions with negatively charged molecules
including nervous tissue. Chitosan tubes with 5% acetylation have been found to be most
supportive for peripheral nerve regeneration [85]. Chitosan as well as its biodegradation
product, chitooligosaccharide, are neurosupportive, possibly by stimulating the proliferation
of Schwann cells via the miRNA-27a/FOXO1 axis [20, 86–88].

3.2. Chitosan as an artificial nerve graft scaffold fulfills the same conditions required by
nerve autografts

3.2.1. Chitosan as an artificial nerve graft scaffold meets macroengineering requirements

Chitosan can be easily processed and manufactured in a variety of forms including tubes,
fibers, films, sponges and hydrogels. Although nonwoven chitosan mesh conduits [89] and
cell-seeded chitosan films [90] have supported axonal growth, tubes are the most common in
practice, either as hollow structures or combined with lumen fillers [2, 24]. Stenberg et al. [91]
have used hollow chitosan tubes for reconstruction of rat sciatic nerve defects. Gonzalez-Perez
et al. [92] and others [85] have proven the regenerative capability of chitosan tubes of low (∼2%)
and medium (∼5%) degree of acetylation, to bridge critical nerve gaps (15 mm long) in the rat
sciatic nerve. Meyer et al. [93] have used fine-tuned chitosan nerve tubes with a longitudinal
chitosan film as a lumen filler to reconstruct long sciatic nerve defects in rats. Nerve scaffolds
composed of a chitosan nerve guidance conduit filled with polyglycolic acid (PGA)/polylactic-
co-glycolic acid (PLGA) filaments have been used to bridge large peripheral nerve defects both
experimentally and clinically [20].
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3.2.2. Chitosan as an artificial nerve graft scaffold meets microengineering requirements

Microgrooves, microfilaments as lumen fillers and surface treatment of chitosan are microen-
gineering procedures. Microgrooved chitosan or poly(dl-lactide) (PLA) conduits have been
demonstrated to enhance peripheral nerve regeneration as compared to smooth conduits [94].
Zhang et al. [95] have supplied omentum-wrapped collagen-chitosan scaffolds with longitu-
dinally oriented micro-channels to promote axonal regeneration in rats. Hu [96] has devised
a nerve-guiding collagen-chitosan scaffold with inner dimensions resembling the basal lamina
microchannels of normal nerves.

As far as lumen filling is concerned, Hu et al. [97] have demonstrated that nerve conduits filled
with longitudinal aligned polyglycolic acid filaments have a better regenerative outcome for
bridging large peripheral nerve gaps than hollow nerve conduits. Patel et al. [98] have blended
glial cell line-derived nerve growth factor (GDNF) and laminin with chitosan to fabricate
GDNF-laminin blended chitosan (GLC) nerve guides.

Microengineering applies also to surface treatment of chitosan to make it ready to accept
molecular factors of peripheral nerve regeneration. Huang et al. [99] have investigated the
surface effects of laminin modified PLGA and chitosan membranes after chemical method and
plasma treatment. Results have shown that laminin has been covalently bound onto the surface
of both PLGA and chitosan membranes either by chemical method or by oxygen plasma
treatment. Oxygen plasma has been a better method to incorporate laminin onto the surface
of membrane.

3.2.3. Chitosan as an artificial nerve graft scaffold fulfills the same mechanical conditions required by
nerve autografts

Chitosan is brittle, fracturing easily under low energy [24]. Several methods have been
developed to improve its mechanical properties.

In the first and most reliable one, other polymeric chains are added (e.g., polyethyleneglycol,
dialdehydes). Cross-linking agents possessing at least two functional reactive groups (e.g.,
formaldehyde, epoxides) are used to bridge all polymeric chains together (e.g., to form
glutaraldehyde and glyoxal respectively) [24]. A bio-artificial polycaprolactone (PCL)/chitosan
nanofibrous scaffold has been designed and evaluated [100]. Mechanical testing has shown
that Young’s modulus and strain at break of the electrospun PCL/chitosan nanofibers are better
than those of the chitosan nanofibers. Huang et al. [101] have used electrospun collagen-
chitosan-TPU nanofibrous scaffolds The scaffolds have been cross-linked by glutaraldehyde
(GTA) vapor. Wang et al. [102] have used formaldehyde-cross-linked chitosan conduits
containing PGA filaments [4].

The second method makes use of the high number of positively charged amine groups
consequent upon deacetylation. They are made to react with the negatively charged factors of
the molecular aspects of peripheral nerve regeneration. The resulting compounds improve
both the mechanical and neurotrophic aspects of chitosan. Junka et al. [103] have used
nanofibrous scaffolds electrospun from blends of poly(caprolactone) (PCL) and chitosan.
Taking advantage of the amine groups on chitosan, the surface of the scaffolds have been
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functionalized with laminin by carbodiimide based cross-linking. Wang et al. [102] have
compared chitosan nano/microfibrous tubes with a deacetylation rates of 78 and 93% to each
other. Chitosan nano/microfiber mesh tubes with a deacetylation rate of 93% have had
sufficient mechanical properties to preserve tube space and to provide a better scaffold for cell
migration and attachment. Haastert-Talini et al. [85] have compared chitosan tubes of varying
degrees of acetylation (low—2%, medium—5%, high—20%) for bridging peripheral nerve
defects. Chitosan tubes with 5% acetylation have been found to be most supportive for
peripheral nerve regeneration.

The third method consists of coating chitosan tubes with a film composed of a material of high
mechanical toughness. Duda et al. [104] have reported on composite nerve grafts with an inner
3D multichannel porous chitosan core and an outer electrospun polycaprolactone shell. Also,
cellulosic fibers in nano scale have been found to be an attractive reinforcement to chitosan,
producing environmental friendly composite films with improved physical properties [105].

In the fourth method, the scaffold shape is additionally varied. Itoh et al. [106, 107] have
developed nerve scaffolds using tendon chitosan tubes or hydroxyapatite-coated tendon
chitosan tubes having either a circular or triangular cross-section, as well as triangular tubes
combined with laminin. The mechanical strength of triangular tubes has been found to be
higher than circular tubes and the inner volume of a triangular tube tends to be larger than in
circular tubes. Nerve tissue regeneration along the tube wall has been present in both the
laminin and laminin peptide groups.

In the fifth method, lumen fillers have been used. Xue et al. [108] have used a neural scaffold
that consisted of a chitosan conduit inserted with poly(lactic-co-glycolic acid) (PLGA) fibers
and mesenchymal stem cells to bridge an extra-large gap in dog sciatic nerve.

3.3. Chitosan as an artificial nerve graft scaffold fulfills requirements based on molecular
aspects of peripheral nerve regeneration; chitosan fulfills requirements based on spatial
distribution of neurotrophic factor gradients

The interaction of chitosan and molecular aspects of peripheral nerve regeneration obeys
principles of luminal filling. The principles of lumen filling can also be applied to create spatial
concentration gradients of molecular factors. Three main factors determine this: the degree of
deacetylation of chitosan, its porosity and chitosan biodegradation products (chitooligosac-
charides).

Impregnating the neural conduit wall with cells or neurotrophins via cross-linking or immobili-
zation is one way of lumen filling [56]. Cell adhesion to the structure is determined by the extent
of its positive charge, itself a function of the degree of alkaline deacetylation [1, 24]. This effect
has been reported for a number of anchorage-dependent cells, such as dorsal root ganglion
neurons, Schwann cells [86], neural stem cells [109] and mesenchymal stem cells [110–112].
Examples for impregnating the nerve conduit wall with neurite outgrowth promoting factors and
neurotrophins include the use of laminin [113, 114], neurotrophin-3 [115] and transforming
growth factor-β1 [116].
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Combining growth factors with a lumen growth-supporting matrix; incorporating accessory cells
into the lumen matrix; seeding (genetically engineered) cells that produce growth factors inside
the lumen; and/or using microspheres to deliver growth factors or accessory cells to the NC
lumen are four other methods of luminal filling [56]. The latter four methods require pores.
Porous chitosan scaffolds contain pores with size ranges from 1 to 250 μm and that vary
according to temperature and water content. The lower the temperature and the greater the
water content, the smaller the pore size. The porous structure can be stabilized by adding
glutaraldehyde, polyethyleneglycol, heparin, or collagen, allowing the structure to become
more resistant and to maintain elasticity[24]. However, the need for cross-linking agents may
be eliminated [20, 117, 118]. A natural and low-toxicity cross-linking agent, genipin, has been
used to immobilize nerve growth factor (NGF) onto chitosan-based neural scaffolds [119].

Lumen matrix biomaterials include collagen [120], fibronectin or hydrogel [121]. All bind
molecular factors and cells with high affinity and release them slowly over time [56].

The biodegradation products of chitosan are water-dissolvable chitooligosaccharides
(COSs), which have been shown to support peripheral nerve regeneration. Jiang et al. [122]
have demonstrated that the beneficial effect of chitooligosaccharides on cell behavior and func-
tion of primary Schwann cells is accompanied by up-regulation of adhesion proteins and
neurotrophins.

3.4. Chitosan as an artificial nerve graft scaffold fulfills requirements based on recent
findings of side grafting

Cografting autologous nerve grafts with biomaterial polymer nerve scaffolds presupposes
biocompatibility between both. Evidence for neural cell/chitosan biocompatibility comes
from an animal model of multiple sclerosis developed by Hoveizi et al. [123]. These authors
have noted the role of polylactic acid/chitosan (PLA/CS) scaffold in increasing neural cell
differentiation. The biocompatibility of functional Schwann cells induced from bone mesen-
chymal cells with a chitosan conduit membrane has been proven by Zhang et al. [124].

3.5. Chitosan as an artificial nerve graft scaffold fulfills requirements based on modulation
of fibrosis

Firstly, through its cationic interactions, chitosan prevents secondary infection by many types
of fungi, yeasts and bacteria [24]. Secondly, chitosan exerts an antifibrotic effect by binding to
collagen via hydrogen bonding and polyanionic–polycationic interactions. Thus it prevents
postoperative abdominal adhesions either singly, or as a polypropylene/chitosan mesh, or even
as a chitosan-gelatin modified film. Experimentally, it has been used to prevent excessive
fibrosis after intestinal resection anastomosis. The feasibility of using silk fibroin and chitosan
blend scaffolds for preventing excessive fibrosis after ventral hernia repair has been investi-
gated in guinea pigs [24].

Thirdly, heparin, both an anticoagulant and fibrotic drug, can be incorporated into chitosan
microspheres or can be used as a luminal filling matrix molecule in chitosan conduits. Heparin
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3.5. Chitosan as an artificial nerve graft scaffold fulfills requirements based on modulation
of fibrosis

Firstly, through its cationic interactions, chitosan prevents secondary infection by many types
of fungi, yeasts and bacteria [24]. Secondly, chitosan exerts an antifibrotic effect by binding to
collagen via hydrogen bonding and polyanionic–polycationic interactions. Thus it prevents
postoperative abdominal adhesions either singly, or as a polypropylene/chitosan mesh, or even
as a chitosan-gelatin modified film. Experimentally, it has been used to prevent excessive
fibrosis after intestinal resection anastomosis. The feasibility of using silk fibroin and chitosan
blend scaffolds for preventing excessive fibrosis after ventral hernia repair has been investi-
gated in guinea pigs [24].

Thirdly, heparin, both an anticoagulant and fibrotic drug, can be incorporated into chitosan
microspheres or can be used as a luminal filling matrix molecule in chitosan conduits. Heparin
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cross-linked chitosan microspheres for the delivery of neural stem cells and growth factors for
central nervous system repair have been used by Skop et al. [125]. This has proved effective
for transplanting large numbers of neural stem cells, heparin and FGF-2. Using chitosan nerve
conduits, Han et al. [73] have developed a basic fibroblast growth factor delivery system
fabricated with heparin-incorporated fibrin-fibronectin matrices for repairing rat sciatic nerve
disruptions.

3.6. Requirements based on the necessity of renewal (recycling) of luminal fillers to allow
for the replenishment of cells, molecular factors and concentration gradients

Chitosan offers the versatility required in microsphere, nanosphere and nanoshell technology
[1, 91] as one method to achieve three aims simultaneously: dissolving the fibrous tissue that
blocks pores after release of molecules and cells as aforementioned, replenishment of released
molecules and cells associated with preservation of their spatial concentration gradients and
keeping the cell and drug delivery system (catheter) patent.

To replenish released molecules and cells, Zeng et al. [10] have incorporated chitosan micro-
spheres into collagen-chitosan scaffolds for the controlled release of nerve growth factor.
Wei et al. [126] have evaluated the potential of a chitosan/silk fibroin scaffold serving as a
delivery vehicle for adipose-derived stem cells in neural tissue. Wang et al. [127] have used
Schwann cells on oriented chitosan nanofiber mesh tubes as delivery vehicles. Maysinger et
al. [128] have prepared microspheres containing ciliary neurotrophic factor (CNTF) or ge-
netically engineered cells able to synthesize and release this cytokine. Raisi et al. [129] have
resorted to mesenchymal stem cell-derived microvesicles to enhance sciatic nerve regenera-
tion in the rat.

Keeping the cell and drug delivery system (catheter) patent may necessitate external coating
of the nerve conduit [104]. Part of the external coating may be made of a hydrophobic mate-
rial, preventing microsphere adherence to it and thus keeping it patent. Electrically and
magnetically responsive microspheres may be exposed to repulsive fields in hydrophobic
areas. Indeed these microspheres have been used to enhance nerve regeneration. Qi et al.
[130] have electrically stimulated olfactory ensheathing cells (OECs) using a biodegradable
conductive composite made of conductive polypyrrole (PPy, 2.5%) and biodegradable chito-
san (97.5%). Similarly, Liu et al. [131] have activated Schwann cells in vitro using magneti-
cally responsive magnetic nanoparticles (MNPs) and a biodegradable chitosan-
glycerophosphate polymer.

4. Other biomaterial polymer nerve scaffolds

Although agarose and alginate have also served as nerve conduit scaffolds, they have gained
more acceptance as hydrogel lumen fillers. Alginate, in particular has been used both as a
lumen filler and for encapsulation of cells and drugs.
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4.1. Agarose

4.1.1. Agarose as a biopolymer; general properties

Agarose consists of alternating units of b-D-galactopyranose and 3, 6-anhydro-a- L-galacto-
pyranose; extracted from different sources it can have different chemical compositions
depending on Sulphated L-hydroxyl group concentrations [1, 132]. Agarose is thermorespon-
sive, but poorly degradable

4.1.2. Agarose as a nerve scaffold

4.1.2.1. Macroengineering and microengineering requirements

Stokols and colleagues have developed agarose-based scaffolds with linear pores by using a
freeze-drying process [133] as well as by templating [134]. These authors have used a freeze
drying method to form agarose scaffolds containing linear guidance pores with a mean
diameter of 120 μm [133, 135]. This process involves the formation of ice crystals whose size
and direction of growth can be controlled by the temperature gradient [136]. Pore size in the
scaffold can also be controlled by the freezing rate and pH; the faster rate the smaller the size
[137]. Integrating BDNF into the scaffold material or using BDNF-secreting mesenchymal stem
cells scaffold channels, has significantly improved the scaffold’s capacity to promote regener-
ation [135]. Koffler et al. [138] have implanted linear-channeled agarose scaffolds in spinal cord
injuries, providing growing axons with linear growth paths at the lesion site and minimizing
regeneration distance. The linear channels have helped regenerating axons maintain the
correct mediolateral and dorsoventral position in the spinal cord.

4.1.2.2. Pore size and mechanical properties

The average pore size of agarose hydrogels is influenced by the concentration of the polymer
in solution and the settling temperature. An increase in concentration results in tightly packed
helices that translate to a decrease in pore size. Decreasing the settling temperature results in
small pore gels with higher elastic moduli [132].

4.1.2.3. Molecular aspects of peripheral nerve regeneration

The interaction of agarose and molecular aspects of peripheral nerve regeneration obeys
principles of luminal filling. Agarose does not provide adhesion motifs to cells and does not
allow interaction between adherent cells and the entrapping matrix. However, it can be
supplemented with adhesion molecules of the extracellular matrix [56, 139, 140].

In repairing injuries in the CNS, agarose-based biomaterials have also had incredible success,
at least in experimental settings [133, 134]. BDNF within lipid microtubules has been incorpo-
rated into agarose scaffolds, enhancing axonal growth for the length of the scaffold but not
into the distal cord [70]. Living neurons and axonal tracts have been internalized within
agarose hydrogel tubes by Cullen et al. [141]. In a study by Gros et al. [142], templated agarose
scaffolds have substantially enhanced the organization and distance over which long-tract
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axons extend through a spinal cord lesion site in the presence of combinatorial therapies, but
host-scaffold reactive interfaces have limited axon re-penetration of the host.

4.1.3. Agarose as a scaffold lumen filler

In order to promote sciatic nerve regeneration across a challenging 20 mm nerve gap in rats,
Dodla and Bellamkonda [140] have used anisotropic scaffold lumen fillers of agarose hydrogels
containing gradients of laminin-1 (LN-1) and nerve growth factor (NGF) molecules. Injectable
agarose hydrogels have also been implemented [70, 143]. Using multi-photon chemistry, Wylie
et al. [144] have created 3D agarose hydrogels that incorporate two bioactive molecules (a
transcription factor and a growth factor).

4.2. Alginate

4.2.1. Alginate as a biopolymer; general properties

Composed of (1–4)-linked α-l-guluronate (G) and β-d-mannuronate (M) monomers, alginate
has carboxyl groups which are charged at pH values higher than 3–4, making it soluble in
neutral and alkaline media [145]. Alginate is biocompatible, has low toxicity and high bioa-
vailability [132]. Alginates can form polyelectrolyte complexes in the presence of polycations
such as poly-l-lysine or chitosan. Poly-l-lysine has been widely used to coat alginate beads
[132].

4.1.2. Alginate as a nerve scaffold

4.1.2.1. Macroengineering and microengineering requirements

Anionic in nature, alginate can be assembled with polycations into polyelectrolyte free-
standing films (i.e., films with a few micrometers in thickness) which are suitable drug
reservoirs of biomolecules, such as growth factors and antibiotics [145]. Lu et al. [146] have
reported on the use of chitin-alginate 3D microfibrous scaffolds to support efficient neuronal
differentiation and maturation under chemically defined culture conditions. Ethylene diamine
has been covalently cross-linked to further freeze-dried alginate, resulting in a porous foam.
This has been subsequently implanted into a 7-mm sciatic nerve gap in the rat without
suturing [147]. Alginate foams have also been tested alone or in combination with a protective
PGA mesh in the treatment of a 50-mm sciatic nerve defect in the cat [148]. Alginate foams can
promote nerve regeneration even without suturing to the nerve stumps, or enclosing within a
tube structure [4].

4.1.2.2. Molecular aspects of peripheral nerve regeneration

Wnt proteins are bifunctional axon guidance molecules, several of which appear to mediate
guidance of corticospinal tract axons along the spinal cord. Park et al. [149] have studied the
effect on spinal cord regeneration by Wnt-containing alginate scaffolds. In another study
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[56, 150], nerve growth factor (NGF) has been cross-linked to the wall of an alginate/chito-
san scaffold.

4.1.2.3. Modulation of fibrosis

Heparin can be used both as a neurolyzing agent and as a matrix lumen filling ligand-binder.
A heparin/alginate gel combined with basic fibroblast growth factor but without a tubular
structure [151] has been used as an artificial nerve graft for digital nerve repair. A matrix
consisting of heparin and alginate covalently cross-linked with ethylenediamine has been
produced to stabilize and control the release of growth factors [152].

4.2.3. Alginate as a scaffold lumen filler

4.2.3.1. Hydrogel matrix as lumen filler

Alginate hydrogels have been used as lumen fillers in association with growth factors such as
LIF, a pleiotrophic protein [74, 153], fibroblastic growth factor 2 (FGF2) [154] and glial derived
growth factor (GGF) [155, 156]. Alginate hydrogels have been used as lumen fillers in associ-
ation with cells, such as Schwann cells [58, 157], allogenic Schwann cells [158] and olfactory
ensheathing cells (OECs), Schwann cells (SCs) and bone marrow stromal cells (BMSCs) [159].

4.2.3.2. Encapsulated particles as lumen fillers

Cells and growth factors may be encapsulated in protective alginate microcapsules, coated
with multilayers of chitosan and alginate. Poly(lactic acid) microparticles may be co-encapsu-
lated to provide anchorage points thus promoting cell survival [145]. Alginate encapsulation
has involved, among other things, the encapsulation of olfactory ensheathing cells (OECs)
[160], fibroblasts engineered to produce brain-derived neurotrophic factor (Fb/BDNF) [161]
and NGF-expressing cells [162].

5. Conclusion

We have outlined the requirements of artificial nerve end-to-end or preferably side grafting.
These include: general prerequisites of biopolymers used as scaffolds; conditions required by
nerve autografting; macroengineering requirements; microengineering requirements; me-
chanical conditions required by nerve autografting; requirements based on molecular aspects
of peripheral nerve regeneration; requirements of side grafting; requirements based on spatial
distribution of neurotrophic factor gradients; requirements based on modulation of fibrosis;
requirements based on the necessity of renewal of luminal fillers to allow the replenishment
of cells, molecular factors and concentration gradients. We have also outlined that using nerve
conduit as side grafts necessitates their design as open cylinders, so they can be easily placed
around suture lines and nerve graft and so that to allow diffusion of nutrients to the autografts.
Side-grafting unloads stresses from autografts and nerve ends. They allow of spreading nerve
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growth factor concentration gradients and dissolution of fibrosis. Chitosan satisfies all these
requirements. Combined with other materials, it makes them less stiff, thus mechanically
suitable as grafts. Produced as a result of deacetylation of chitin, chitosan nerve conduit
scaffolds have got numerous positively charged free amino groups, which enable them to
provide adherence for nerve growth factors and cells by lumen filling methods. To modulate
fibrosis, heparin cross-linked chitosan microspheres have proved effective for delivering/
transplanting large numbers of neural stem cells, heparin (matrix molecule and neurolyzing
agent) and FGF-2. To replenish cells and growth factors, chitosan microspheres may be injected
through an indwelling catheter incorporated into an external coat of the nerve conduit. The
internal surface of the catheter should be hydrophobic to inhibit adherence of cells and
molecules to it, preventing its blockage. Polystyrene can be used to create superhydrophobic
surfaces. The real challenge remains the catheter-conduit interface. This cannot be kept
hydrophobic; nevertheless, it should be kept patent. Agarose and alginate have mainly served
as hydrogel lumen fillers. Alginate, in particular, has been used both as a lumen filler and for
encapsulation of cells and drug. Interacting with positively charged chitosan, negatively
charged alginate may form versatile chitosan-calcium-alginate microspheres. Both cationic
chitosan- and anionic alginate-coated poly(dl-lactide-co-glycolide) nanoparticles [163] and
chitosan/alginate beads [164] have been produced and may be useful tools for delivering cells
and molecules through the catheter-conduit interface without blocking it.
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Abstract

About 70% of the Earth's surface is covered with seawater and 90% biosphere wraps
maximum biodiversity that offers resourceful novel bio‐molecules. Marine species are
enriched with organic compounds viz. terpenoids, polyethers/ketides, lipo‐glycopro‐
teins, peptides and polysaccharides that act as cell surface receptors and involve in cell
development/differentiation, besides being antimicrobial agents. Algae, sponge and fish
have various defense mechanisms developed via specific/potent natural molecules to
survive under hostile, extreme conditions such as various degrees of salinity, pressure,
temperature, darkness, besides microbial and viral attacks. Marine seaweeds and algae
enriched with polysaccharides such as glycosaminoglycans, agar, alginate and chitin/
chitosan owing to their diversified significance have received growing attention among
researchers. Currently, marine‐derived biomolecules cater 20% market drug load while
other natural products bear 30% share. Chitins exhibit various biological and physico‐
chemical  properties  that  can  be  exploited  in  biotechnology  and  medicine/drug,
cosmetic, food and textile industries. This chapter focuses on chitin/chitosan production,
its physicochemical characterization and biological activities and relationship between
its chemical structure and bio‐activity, including chemical modification reactions such
as  acylation,  substitution,  sulfonation and other  cross‐linking strategies  applied to
skeletal modification with the recently updated literature.

Keywords: chitin, chitosan, marine polysaccharide, drug, modification, pharmaceutics

1. Introduction

Nature is an ancient pharmacy known to human. Life originated over four billion years ago
in oceans, besides sea aid ecosystems, and provides source of food for organism and man.
Carbohydrates are abundant, essential natural polysaccharides consisting of carbon, hydrogen
and oxygen atoms (H:O as 2:1 and empirical formula Cm[H2O]n where m is different from n
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and usually varies from 200 to2500), having vast health benefits. Polysaccharides contain linear
to  high  heterogeneity  linkages  of  more  than  10  monosaccharide/glycosides  with  slight
repeating unit  modifications (discrete from their monosaccharide) while oligosaccharides
contain 3–10 monosaccharides. Amid carbohydrates, various polysaccharides are found in all
marine organisms, which are accountable for an innate bio‐active defense mechanism. Plant
starch found as both amylose and amylopectin, which resemble cellulose (plant cell wall
module), exhibit storage functions while chitin and glycogen in animals (same as starch/
cellulose except NH‐substitution) afford structural component enhancement in arthropod
exoskeleton  and  fungus  cell  wall.  Chitins,  fucoidan,  carrageenan  and  alginate  are  few
polysaccharides that control cell proliferation and modulate metabolism in marine organisms
besides own pharmaceutics utility including antioxidative, antibacterial, antiviral, immune‐
stimulatory,  anticoagulant  and  anticancer  activities  poses  novel  ventures  for  harnessing
potential of oceanic products.

Oceans occupy three‐fourths of planet, which covers half of the global biodiversity envelope
in certain marine species as the imperative resources for deriving novel bio‐chemicals. Marine
bacteria, macro/micro algae, sponges and fishes induce defensive actions via such bio‐
molecules that enable organisms to survive in hostile environment such as different degrees
of salinity, pressure, temperature and no/deem light [1], as well as microbial/viral attack.
Naturally occurring bio‐chemicals viz., terpenoids, polyethers, polyketides, lipo‐glycopro‐
teins, and polysaccharides display various functions in nature such as defense against
predators, aiding in cell development/differentiation, acting as cell surface receptors and
providing innate immunity. Carbohydrates exacted from terrestrial marine organisms/
sediments act as prospective feedstocks for medicine, fertilization, food storage, antioxidant,
laxative, smooth/nonirritating hydrated bulk in the digestive tract, tablet ingredient and drug
carrier agents, as shown in Figure 1.

Figure 1. Resources of marine polysaccharides with their wide range of applications [2].
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2. Marine biotechnology

Marine biotechnology focuses the following goals:

1. Discovery of bioactive molecules from marine organisms to reveal their functions and
actions.

2. Study the environmental parameters, nutritional requirements and genetic factors that
control the production of primary and secondary metabolites from marine species.

3. Understand the genetics, biochemistry, physiology and ecology of marine organism/
mariculture.

4. Develop diagnostic tools to improvehuman health.

5. Explore bioremediation for waste processing/disposal, coastal clean‐up and oil spilling.

3. Medical potential of marine products

About 20,000 metabolites yielded from marine bacteria, sponge, coral and starfish cater
significant untapped promises and act as chemical library database in pharmaceutics due to
their intrinsic features. MARPOL‐73/78 an international organization is engaged in enzymatic
up‐gradation/modification of marine polysaccharides being substitute to oil‐based polymers
in utilizing renewable resource. MARPOL via enzyme technology‐modified chitin, alginate,
fucoidan, and laminaran from marine with enhanced inherent quality to cater sustainable
industrial/pharmacy needs in the below targets (Figure 2):

• To derive innovative bioactive chemicals from marine species.

• To increase value creation from biomass by refining/upgrading via enzymology.

• To generate cross‐sectorial technology for enzyme evolution and biomaterial design.

Figure 2. MARPOL via enzyme technology modified marine polysaccharide for wide application.
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4. Pharmacological uses of marine polysaccharides

Advance molecular biology has innovated methods for marine organisms to isolate assorted
polyunsaturated fattyacids, polysaccharides, minerals, vitamins, enzymes, and peptides.
These marine polysaccharides own health benefits besides feedstock for pharmaceutics,
nutrition, and pharmaceutics besides cosmetic industries (Figure 3) under the strategic activity
of Horizon 2020: Targeted specific activities focus on biodiversity exploration to understand how
organism can withstand extremes of temperature‐pressure and grows without light can be utilized to
develop new industrial enzymes/pharmaceuticals. Drug obtained from marine polysaccharide
caters diverse pharmaceutical challenges by inventing various complex/novel chemicals to be
used in cancer, AIDS‐HIV treatments besides explicit broad spectrum activity for virus,
bacteria, and fungus. Alginate and chitin polysaccharides have an extensive history of use in
medicine, particularly, in pharmacy and basic sciences. Majority of carbohydrates in the nature
occur as polysaccharides that consist not only glycosidic‐link sugars, but also polysaccharides
that are covalently linked to amino acids, peptides, proteins, and lipids. Glycan contains d‐
glucose, d‐fructose, d‐galactose, l‐galactose, d‐mannose, l‐arabinose, d‐xylose along with d‐
glucosamine, d‐galactosamine, N‐acetylneuraminic acid, N‐acetylmuramic acid, and
glucuronic acids. Branch structures are different polysaccharide from protein and nucleic acid
polymers. Marine origin tunicin polysaccharide is a cellulose equivalent of invertebrate sea
animal utilized for storage and/or structural functions. Exo‐polysaccharide found in extracel‐
lular of a microbial cell component contains high sulfated and uronic contents to bestow
negative charge besides acidity in seawater pH 7.5–8.4, which is used as adhesives, textiles,
pharmaceuticals and anticancer agents and food additives [1–3].

Figure 3. Marine polysaccharide materials for health benefits.

Agar and agarose have less sulfate content, but high uronic contents and corresponding beads
are developed that exhibited better optical clarity with improved gel strength exploited in
sustainable release of phenobarbital sodium hypnotic drug. Agars are effective for spatial
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infections such as poliovirus, herpes simplex, dengue viruses and also meats gelling, laxatives
and flexible molds in dentistry and criminology. Chitin hydrogel provides cell signaling in vivo
physiology [2, 3] and hydroxylation enhances its biodegradability; while sulfonation generates
heparin‐like increased blood compatibility [4] besides amine quaternization imparts high
solubility, muco‐adhesiveness (via hydrogen bonding) responsible for elevated drug resi‐
dence‐time, inflammation reduction and antimicrobial activity). Nanochitosan‐based drug
delivery systems easily cross blood‐brain barrier results in cell/tissue gap penetration to
targeted spleen, spinal cord, liver, lungs, and lymphs.

5. Cosmetic applications

Polysaccharides formulated with vitamins, minerals, botanical extracts, and antioxidants can
promote healthy skin, hair, and nails at a cellular level which areused as creams, lotions,
ointments, liquids, and pills, as shown in Figures 2 and 3. The cosmetic industry and advance
biotechnology are mainlyfocused on marine polysaccharides as compared to synthetic
chemicals due to perceived inherent prominent effects such as reduce free radical provoked
aging, inflammation, and skin degradation. Chitin shows resemblance with living tissues that
aid to maintain cutaneous homeostasis, neutralize radical activity, and induces transcutaneous
penetration of active drugs. Chitosan nanofibrils induce low TGF‐β production results in skin
protections by increasing the granular density of epithelial layers and fully compatible with
skin cells besides complexing with vitamins, carotenoids, and collagens to facilitate transcu‐
taneous penetration [5]. Chitosan without having amino/hydroxy groups. E.g., E‐CE6 typ aid
cationic pH‐sensitive molds into various shapes such as bead, hydrogel, nanofiber and
nanoparticle owning fascination for other biomolecules. Chitosan hydrogel's excellent water
absorption property is exploited in making of some moisturizers; it also provides wound
healing and exhibits antioxidant and antimicrobial activities against various bacteria, yeast
and fungi and metalloproteinase.

6. Nutrition‐pharmaceutics applications

Marine‐derived products used as food/ingredients are developed in nutrition‐pharmaceutics
to prevent/treat diseases pertaining anticancer, antiinflammatory, antioxidant, and antimicro‐
bial activities, as shown Figures 2–4. Ulva fasciata derive sulfated galactans and fucans possess
good anticoagulant, gel stabilizers, preservative, and flavoring agents that reduce LDL‐
cholesterol, plasma, and triacylglycerols [6]. Align emulsions are used as bio‐flocculants in
food formulation to obtain certain texture, mouth feel thickening effect, and stabilize sus‐
pended dispersed phases. Carrageenans‐polyamide hydrocolloid with starch, locust bean
gum, and carboxymethyl cellulose are used for milk protein stabilization [7]. Chitins are used
in antidiabetic, hypocholesterolemic, adipogenesis inhibiter, food additives, and dietary
supplements in nutrition‐pharmaceutics which decrease body weight, serum lipids without
digestions in GI tract (precipitates fat and reduces absorption via inhibiting pancreatic lipase

Marine Polysaccharides in Medicine
http://dx.doi.org/10.5772/65786

185



actions). Cationic chitosan‐fatty/bile acid combinations delay cholesterol and steroidal
emulsifications via hydrophobic interaction, thus lessening intestinal absorptions.

Figure 4. Pharmacology of assorted marine polysaccharides.

7. Chemical structure of chitin/chitosan

7.1. Preparations of chitin/chitosan

About10 gigatons/year of chitins are produced in biosphere which are soft and leathery,
encrusted with CaCO3 as the harden mass to obtain translucent, pliable, resilient as a tough
exoskeleton of vertebrates, insects, and crustaceans. Chitin exhibited distinct characteristic
against fungus pathogens resistance, autolytic, nutritional, and morphogenetic functions in
plant, pathogenesis in virus and elicits lysozyme inductions, immunizations and parasitism
in bacteria. Chitin is antidiabetic, hypocholesterolemic, adipogenesis inhibiters which de‐
creases body weight/serum lipids without GI digestion prohibiting pancreatic lipase crucial
for cholesterols emulsification to precipitate fat and fatty/bile acids [8].

7.2. Chitosan production

Chitin is feedstock for chitosan conversion via enzymatic as well chemical degradation
(Figure 5) because of its cheap and commercial production, as shown in Figure 6.
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Figure 5. Chitosan chemical degradation.

Figure 6. Production of chitosan andfactors affecting stability.
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8. Chitosan copolymerization: acetylation, sulfonation, and other cross‐
link substitutions

Chitosan differs from concordant chitin, cellulose in fraction and distributions of their co‐
monomers in respective of polymeric length/sequences and found as an alternate, block, and
random fashion as shown in Figure 7. N‐acetyl‐glucosamine and N‐glucosamine constitu‐
tional monomers in chitin and chitosan displayed varied, respectively, solution properties and
impart slightly hydrophobic terminal in chitin and ionic character at acidic pH in chitosan.
Skeletally different than others amplified in acetyl sequencing that owes vivid outcome in
chain conformation and aggregation besides hydrophobic substituents is vital for self‐
assembling and crumpling as found in liposphere micelles. The modification in chitin/
chitosan’s skeleton can be made by means of quaternization, glycosylation (via acetyl) and
sulphonation (via sulphate groups) techniques that able grafting monomers at ‐NH2 linkages
to yield terpolymer rather intricate matrix as shown in Figure 8. Chitosan compositions varied
with the degree of acylation as determined by many methods such as titration, circular
dichroism, FTIR, UV, NMR, and N‐acetyl group hydrolysis [9, 10]. Data from different
techniques showed discrepancies in degree of acylation and solubility disparity as no techni‐
que points out appropriate clarification for solubility [11]. Differential scanning calorimetry
study decomposition of amino/acetyls to provide sovereign composition and molecular
weights 0–1 N‐acylation degree cheaper than NMR but more accurate than FTIR. NMR easily
recognizes O‐acetyl groups that aid to obtain degree of acylation by integration/normalization
of either anomeric proton or other ring protons.

Figure 7. Comparison of chitin, cellulose, and chitosan.
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Figure 8. Structures of sulfated chitin, chitosan, and chitigosaccharide.

9. Structure and chemical modifications of chitin/chitosan

9.1. Chemical modification principles

Chitosan chemical modifications improved mechanical properties, biocompatibility, solubility,
biodegradability, and shape/size by the following approaches:

• Doping/blending/grafting chemical linkages with synthetic materials;

• Micro/nanosphere surface coating by biocompatible synthetic polymers;

• Cross‐linking by means of assorted physical/chemical reagents;

• Hydrophobization via alkylation;

• Modulating guluronic/mannuronic ratio; and

• Varying deacetylation degree.

Dry weight crustacean shells contain protein 30–40%, CaCO3 and Ca3 (PO4)2about30–50%, and
20–30% chitin [11]. Industrially, acid treatment use to dissolve CaCO3 and Ca3(PO4)2followed
by alkaline extraction to solubilize proteins in chitin processing from crustaceans. Deacetyla‐
tion removes enough acetyls to yield chitosan with high degree chemical reactive amines that
can affect physicochemical properties such as biodegradability and immunological activity
[12]. Chitosan's deacetylation degree is determine by the ninhydrin test, potentiometric
titration, near‐IR, NMR, HBr‐titrometry, FTIR, and 1st derivative UV [10] analysis. Chitosan is
soluble in dilute acetic acid which has free –NH2 for modifications so supersede chitin.
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9.2. Varied chemical modifications

Assorted chitosan matrix modifications at –NH2 in C‐2, at –OH in C‐3/C‐6 carbon are per‐
formed via etherification/etherification and amine quaternization [13]:

1. Carboxyalkylation at O‐/N: Carboxyalkylation at O‐/N of chitosan imparts the amphoteric
polyelectrolyte nature needed in biomedical applications such as wound dressings,
artificial bone and skin, bacteriostatic agents, and blood anticoagulants [14]. Carboxyl and
amino chitosan functionality elicits special biophysical properties for controlled/sustained
drug‐delivery, e.g., water‐soluble O‐carboxy methylchitosan microspheres for control
pazufloxacin mesilate: antibiotic drug release.

2. Sulfonation: Chitosan sulfonation at amino/hydroxyl groups generates pharmaceutic
heterogeneity (analogues to heparin: a natural blood anticoagulant) to pertain desired
anticoagulant, antisclerotic, antitumor, and antiviral activities. Free NH2/OH sulfonation
mostly disrupts chitosan crystanality by depleting inherent hydrogen bonding and
amphilicity and imparted micelles can act as a drug carrier.

3. Acylation: Chitosan acylation by aliphatic carboxyl, hexanoyl, dodecanoyl acids, and
tetradecanoyl chlorides/cyclic esters, e.g., 4‐chlorobutyl and decanoylacylation at free
NH2/OH showed higher fungicidal activities via induced hydro‐phobicity to prevent
particle aggregations by lowering drug irritation in stomach [14]. Such hydrophobic
interaction via N‐acylation encourages rapid self‐expandability in tracheal cartilage,
intervertebral discs, menisci, skin, liver, skeletal muscle, neural tissue, and urinary bladder
cells. Such acylated chitosan are beneficial such as easy solubility, benign plasma proteins
sorption, and drugs selectively with reduce free blood concentration [14].

4. Sugar‐modified chitosan: Chitosan reductive N‐alkylation by disaccharide or monosac‐
charide‐aldehyde derivatives acts as a liver‐specific drug carrier via specific binding at
sialoglycoprotein receptors [15]. All these NH2‐alkylated chitosan derivatives are soluble
at neutral and basic pH conditions, whereas lactose, maltose, and cellobiose sugars
imparted all pH range solubility. Galactosyled chitosan derivatives act as the synthetic
extracellular matrix for hepatocyte attachment [14, 15].

5. Graft copolymerization of chitosan: Chitosans are tailored to yield composites so as to
improve certain aspects such as inclusion complexation [14], mucoadhesivity retaintion
[13, 14], adsorption [15], bacteriostaticity, biocompatibility, and biodegradability [12, 15].
Chitosan grafting with oligol‐lactide increases hydrophilicity and control degradation
rate as anticipated in wound dressing, drug carrier systems, as micelles hydrophobic core
to entrap and control the release of hydrophobic drugs [12]. In last decades, grafting of
chitosan with hydroxyethyl‐methacrylate, methyl methacrylate, and vinyl monomers
copolymers used for control cardiovascular drug release [14], tissue engineering [11, 15],
and woundhealing [12].

6. Skeletal cross‐linking: Cross‐linking at chitosan yields hydrogel with adequate mechani‐
cal properties and high‐drug‐loading capability having potentials in controlled drug
delivery systems [11, 15]. Cross‐linking by glutaraldehyde, genipin, ethylene glycol,
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diglycidyl ether, and diisocyanate at chitosan ‐NH2 establishes speciality like nonionic/
ionic drug interactions and pH‐sensitivity aids swelling in gastric conditions anticipated
in site‐specific drug release [11]. Chitosan cross‐link microspheres are nontoxic, biode‐
gradable oral drug agents [12, 15] without potential deleterious impact. Tripolyphosphate‐
chitosan ionic gels encapsulate plasmid DNA/dsDNA in vitro transfection, cellular uptake,
and in vivo gene expressions via intratracheal administration imparting high physical
stability without DNA release (even after heparin incubation). Confocal studies revealed
endocytotic cellular nanoparticle uptake with subsequent cytoplasm fast releases,
mediated in vivo intratracheal strong β‐galactosidase expression. Chitosan‐tripoly‐
phosphate nanogel is used in nonviral gene delivery liable to cause steric stabilization and
targeting [9, 12]. Calcium sulfate‐encapsulated alginate‐N‐succinylchitosan hydrogel
pastes retained structural integrity and found to decrease resorption rate responsible for
bone defect healing in bone regenerative techniques [11, 15]. Hydrogels are beneficial due
to easy handling, suitable molding, and instant hardening (water release from hydrogel
and transform CaSO4 hemihydrate by partial cross‐link with alginate to exert cementing
via egg‐box effect aid in bone regeneration).

10. Physicochemical properties of chitin/chitosan

10.1. Chitosan characterization

Chitosan quality like variable appearance, turbidity, molecular weight, and mechanical
stability depends on chitin resource, isolation method [9, 16], and deacetylation degree as
manifested in Figure 6. Degree of deacetylation >0.5 imparts in aqueous acids soluble to
chitosan but not in alkaline/physiological pH as uneven acetyl distribution lowers solubility
due to aggregation as determined by FTIR 1H/13C‐NMR (liquid state, solid state) and poten‐
tiometric titration. Average molecular weight of chitosan is obtained from stearic exclusion
chromatography‐viscometer, light scattering detector, matrix‐assisted laser desorption, and
MS spectrometry as mentioned in Table 1.

Physiochemical

characteristics

Method of determination

Molecular weight Viscometry; gel permeation chromatography; light scattering; HPLC; matrix‐assisted

laser desorption/ionization‐mass spectrometer

Deacetylation degree FTIR; UV; 1H‐NMR and 13C‐NMR Spectroscopy; conductometry and potentiometry

titration; TGA/DTA, differential scanning calorimetry

Crystallinality X‐ray diffraction

Table 1. Methods for physiochemical characteristics of chitosan derivatives.

Chitosan is the only cationic polysaccharide that is nontoxic and biodegradable in body, thus
exploited by tissue engineering for wound dressings, drug delivery, and bone graft alternative
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in orthopaedic beside scaffolds for cartilage, intervertebral disc, and bone tissue. The relevant
physicochemical and biological properties of chitosan are presented in Table 2.

Physic‐chemical parameters Biological parameters

Cationic polyamine Biocompatibility

On protonation adheres to negatively charged surface via bio/

mucoadhesionandform hydrogel with polyanions

Secondnaturally abundant polymer after

cellulose

Polar salt formations with organic and inorganic acids Facile biodegradation to normal

monomers/oloigomers

It high molecular weight linear,flexible polyelectrolyte Very safe and nontoxic

Viscosity can be altered (high, moderate to low) depending on degree of

deacetylations

Own haemostatic, bacteriostatic, and

fungistatic bio‐activity

Chelate formations with transition/heavy metal ions Its spermicidal

Benign to modify, both chemically and bio/enzymatically Anticancerigen

Own free reactive amino/hydroxyl functionality Anticholesteremic

High charge density (pH < 6.5) Versatile, reasonable cost

Table 2. Physic‐chemical and biological proprieties of chitosan [16].

10.2. Crystallographic studies of chitosan

X‐ray diffraction and crystallography of chitin revealed two polymorphs, namely, hydrated/
tendon and anhydrous/annealed conformers. Crystalline chitosan own ant parallel chains in
two‐fold helix, zigzag pattern with almost constant pitches of 10.34 A0 for hydrate and 10.34
A0 anhydrous forms (similar to cellulose). Chitosan conformations of two‐fold extension with
moderate flexibility due to salt formation/protonation of free –NH2 with acids imparting
tunablehypocholesterolemic and fungicidal activity and metal chelation besides chromato‐
graphic uses and gel production [9].

10.3. Critical physico‐chemical properties of chitosan

Understanding of relation structure‐properties in chitosan become a matter of great interest
encountered by regulatory agencies in approving chitosan uses. The critical examination of
literature results in correlation between properties of nanoconstructs with component
structures as advantageous due to modulating. Thus, chitosan nanoparticles are exploited in
modern pharmaceutics/biomedicals by alteration of acylation, molecular weight/its distribu‐
tion, nature, and fraction of substituents. In general, applications its need to examine molecular
characteristics interplay with supramolecular interactions to provide size, shape, and surface‐
active nanomaterials [12].
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11. Biological activities of chitin/chitosan

11.1. Chitosan properties and bio‐activity from gel to nanobead in drug delivery

Chitin/chitosan own wide pharmaceutical utility due to excellent biocompatibility, biodegrad‐
ability, nontoxicity, and adsorption properties which fuels global research interests, e.g., 1150
articles in 1981–1990, about 5700 reviews in 1991–2000, and 23,100 publications in 6 years [9,
15]. Among all natural polysaccharides, chitin/chitosan's outstanding benefited industrial and
pharmaceutics significance are depicted in Figure 1. Chitin/chitosan is the only high molecular
weight cationic polyelectrolyte, while other polysaccharides are either neutral or anionic in
nature. Moreover, chitosan owns some undesired features like large variable chemical
composition differences in its resultant polymeric chain‐size and assorted acetylation degree
appropriately classified as “ugly,”frustrating research applicability. Nevertheless, chitosan
skeletal optimization yields biomaterials with therapeutic and biological profiles useful in
drug delivery formulations and as functional excipients. Chitosan interactions with some
cosolutes/biostructures revealed subtle effects in classical solution thermodynamics and in
biological utility like interactions with endotoxins.

11.2. Chitosan as antiinflammatory/immunomodulatory agents

Chitoneous administration through vascular system enhances cytokines release by macro‐
phage, and upregulates Th1‐immunity and downregulates Th2‐immune activity [12]. Chito‐
san cross‐linked resin and chitosan poly‐γ‐glutamic acid nanoparticles are use as alternative
vehicles for oral delivery of NSAID aceclofenac and diclofenac drugs, respectively, which
inhibits prostaglandin E2 production to stifle ultimate local inflammatory responses.

11.3. Chitosan as anticoagulants

Sulfation at N‐2 and O‐3 link of chitin increases thrombin level and activates partial throm‐
boplastin‐thrombin time [12] and at C‐2, C‐3, and C‐6 position showed anticoagulant activity
at par with therapeutic heparin (mere heparin use infects animal proteins to own antiplatelet
activity responsible for abnormal bleeding). Sulfated chitins anticoagulant action inhibits FXa‐
mediated antithrombin‐III activity via N‐sulfo/N‐acetyls complexation with antithrombin‐III,
which prolongs thrombin‐clotting time. Coagulation interfering factors in fibrin polymeriza‐
tion are assay via antithrombin activity andprothrombin‐atroxin time assessment (Tables 1
and 2).

11.4. Chitoneousanticancer agents

Chitosan is trusted due to nontoxicity, biodegradability, efficient drug delivery, best cell‐
permeability, and antiproliferativity against adenocarcinoma HT‐29 and caco‐2, colon carci‐
noma HCT‐116 in kinase protein of intestinal epithelial cells, which colorectaly inhibits NF‐
κB transcription and NF‐κB‐mediated inflammations. Caffeic acid and doxorubicin
individually doped chitosan composites revealed strong fluorescence intensity used to vehicle
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anticancer drugs [17]. Curcumin‐coated chitosan nanoparticles possess significant cytotoxicity
and reduce human oral cancer cell line.

11.5. Chitosan vehicle drugs delivery systems

Distinctly doped glutamine,methionine, and tryptophan in chitosan matrix exerted protection
to C‐8166 cells against cytolyticity of HIV‐1RF strain and restrain HIV‐induced syncytium
formation with HIV‐1 reverse transcriptase/protease enzymes by suppressing HIV‐infected
C8166 cells. Similarly, sulfated chitosaccharide‐III found to suppress HIV‐1 replications,syn‐
cytium formation, lytic action, p24 antigen production, and thwarted viral entry/cell fusion by
intrusive HIV‐1‐gp‐120 bound CD4‐cell receptors (unsulfated chitosan lack such actions).
Polyethylated‐chitosan vehicle lamivudine curbs HIV‐replication more powerfully than
lamivudine/no chitosan carrier. Thioglycolic acid‐conjugated chitosan carrying tenofovir
disoproxil fumarate exhibited high mucoadhesion via intravaginal microspheres stabilization
without vagina epithelial cells cytotoxicity and lactobacillus crispatus compared to native
nanochitosan. Drug encapsulation and mucoadhesion are profound for chitosan‐O‐isopropyl‐
5'‐O‐d4T‐monophosphate vehicle zidovudine since it reduces the diameter to stop HIV
transmission. Nanochitosan carrying saquinavir drug imparted excellent antiHIV potential
and high cell target efficiency to yield efficient HIV proliferation control [18, 19]. Poly‐d,l‐
lactide‐co‐glycolide nanochitosan vehicle anti‐HIV acyclic nucleoside and phosphonate aids
cellular uptakes in target macrophage cells. Broad bioactivity pattern of chitosan vehicle drugs
are summarize in Table 3.

Targets Chitosan composites (antibiotic stock solution minimal
inhibitory concentration in ppm)

Gram‐negative
bacteria

Escherichia coli
(facultative anaerobic bacteria)

chitosan‐Zinc 0.003%; α/β‐chitosan 9 ppm;
chitosan‐N,N‐diethyl‐N‐methyl 16 ppm;
chitosan‐N,N‐dihexyl‐N‐methyl 16 ppm;
pure chitosan 0.02%

Escherichia coli (ETEC‐K88 type) chitosan 8 ppm; chitosan nano‐particle 0.063 ppm;
Copper‐chitosan
nanoparticle 0.03 ppm

Escherichia coli (ATCC 25922) chitosan 8 ppm; chitosan nanoparticle 0.03 ppm;
Copper dope chitosan
nanoparticle 0.03 ppm

Escherichia coli (O157 type) α‐chitosan 9 ppm and β‐
chitosan 9 ppm

Pseudomonas aeruginosa chitosan 0.012%; chitosan‐Zinc complex
0.0063%; α‐chitosan 9 ppm; β‐chitosan 9 ppm;
N,N‐diethyl‐N‐methylated chitosan 32 ppm

Proteus mirabilis facultative anaerobic,
bacterium 

Pure chitosan 0.0251% and chitosan‐Zinc
complex 0.0063%
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Targets Chitosan composites (antibiotic stock solution minimal
inhibitory concentration in ppm)

Salmonella enterobacteriaceae chitosan 0.051% chitosan‐Zinc solution 0.006%

Salmonella choleraesuis (ATCC 50020
type)

chitosan 16.0 ppm; chitosan nano‐particles 0.063 ppm;
Cu‐chitosan nano‐particle 0.03 ppm

Salmonella typhimurium α‐chitosan 5.0 ppm and β‐chitosan 9 ppm

Salmonella typhimurium (ATCC 50013
type)

chitosan 16 ppm; chitosan nanoparticles 0.12 ppm;
Copper‐chitosan nanoparticles 0.063 ppm

Enterobacter aerogenes
(nosocomial and pathogenic bacteria)

chitosan flakes 0.050% and
chitosan‐Zinc complex 0.0063%

Gram +
vebacteria

Listeria monocytogene α‐chitosan 9 ppm and β‐
chitosan 9 ppm

Staphylococcus aureus (gram‐positive
coccal bacteria)

chitosan 0.051%; chitosan‐Zn complex 0.0063%;
α‐chitosan 9 ppm; α‐chitosan 9 ppm &
N‐ethyl‐N,N‐dimethylchitosan 4 ppm

Staphylococcus aureus (ATCC 25923
type)

chitosan solution 8 ppm; chitosan nanoparticles 0.13 ppm;
Cu‐chitosan nanoparticles 0.063 ppm

Corynebacteriaceae (aerobic) chitosan 0.0251%; chitosan‐Zinc 0.031%

Staphylococcaceae epidermidis chitosan 0.0251%; chitosan‐Zinc
complex 0.013%; α‐chitosan
5 ppm and β‐chitosan 5 ppm

Enterococcaceae faecalis (commensal
bacterium)

chitosan 0.051%; chitosan‐Zinc complex 0.013%;
N,N‐diethyl‐N‐methyl‐chitosan 16 ppm

Bacillaceae cereus α‐chitosan 9 ppm
and β‐ chitosan 9 ppm

Bacillaceae megaterium α‐chitosan 9 ppm
and β‐chitosan 9 ppm

Virus IC50: Half maximal inhibitory
concentration for cyto‐pathogenicity
by HIV‐1 strain

Glutamine‐, methionine‐,
and tryptophan‐coatedchitosan composite
solution 48 ppm

IC50:for cyto‐pathogenicity by
virus HIV‐1IIIB strains

Tryptophan, Methionine and Glutamine
WMQ‐chitosan composite solution 48 ppm

IC50 of luciferase oxidative enzyme
to produce bioluminescence for
HIV1RF

Glutamine‐, methionine‐,andtryptophan
‐coatedchitosan solution 68 ppm;
Tryptophan‐, methionine‐,
andglutamine‐coated chitosan 164 ppm

IC50 of synergistic inhibition for V3
loop of gp41 and target cell CD4
by HIV‐1strains

Glutamine‐, methionine‐,
andtryptophan‐coatedchitosan solution 39 ppm;
Tryptophan‐, methionine‐,
andglutamine‐coated chitosan 52 ppm
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Targets Chitosan composites (antibiotic stock solution minimal
inhibitory concentration in ppm)

IC50 of HIV‐Induce syncytium by
HIV‐1RF strain

Aminoethyl/sulfated chitosan
composite solution 2.2 ppm

EC50 for lysis of HIV‐1‐
infected cells by HIV‐1 strains

Carboxylated/sulfated chitosan
composite solution 1.5 ppm

IC50 of p24 antigen synthesis
by HIV‐1RF strains

N‐carboxymethylchitosan
chitosan composite solution 4.5 ppm

IC50 of antigen p24 synthesis
by HIV‐1Ba‐L strain

N,O‐sulfated chitosan
composite solution 7.8 ppm

Fungi C. albicans/Debaryomycetaceae Chitosan‐Zinc complex
0.11%; chitosan 5.0 ppm

C. parapsilosis Chitosan‐Zinc 0.051%; chitosan 40 ppm

C. krusei Pure chitosan solution 5 ppm

C. glabrata/Torulopsisglabrata Pure chitosan solution 20 ppm

P. digitatum (mesophilic) Pure chitosan solution 65 ppm

P. italicum Pure chitosan solution 58 ppm

Fusarium moniliforme (mould) Pure chitosan solution 2.5 ppm

Penicillium, Talaromyces Pure chitosan solution 2.5 ppm

Aspergillus fumigates Pure chitosan solution 1 ppm

R. stolonifer (Bread Mold) Pure chitosan solution 100 ppm

C. neoformans (yeast) Pure chitosan solution 5 ppm

Cryptococus neoformanvargati Pure chitosan solution 2.5 ppm

M. phaseolina Pure chitosan solution 12.5 mg/mL

Table 3. Broad bioactivity pattern of chitosan based drug delivery systems on varied targets.

Pharmaceutically, chitosan delivered tablets, microspheres, micelles, vaccines, nucleic acids,
hydrogels, nanoparticles, and conjugates via implantable, injectable oral, nasal, and ocular
routes. Chitosan facilitates transmucosal absorption vital in delivery of peptides and in protein
vaccination [9, 12, 20] besides an excipient in oral tablet formulation. High molecularweight
chitosan is more viscous to impart delayed ingredient release/drug duration activities which
improve therapeutic efficiency by lessening side effects of oral tablets [12]. Chitosan‐tripoly‐
phosphate/alginates microspheres can control or protect proteins, drugs, and vaccines
absorption in the digestive tract via paracellular route on epithelial layer release in oral and
nasal administrations [9]. Hydrophilic chitosan imparts low surface activity that gets improved
by glucosidic modifications, hydrophobic substitutions, and by providing hydrophilic shield
at hydrophobic centers [12] to protect hydrophobic drugs with improved solubility and
bioavailability [20]. Chitosan 3‐D hydrogels are structured via diffusion, entrapment, and
tethering with hydrophilic polymers to hold up thousands times more fluids than its dry
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weights is best utilized in drug delivery. Thermosensitive chitosan solution when injected into
the body at phisiological conditions forms hydrogels which aids protection of drugs from
degradation besides its prolonged‐steady release [21]. Biocompatible chitosan drug carriers
yield via ionotropic gelation, emulsion, cross‐linking, solvent extraction, diffusion/droplet
coalescence, reverse microemulsion, and self‐assembly techniques. But ionotropic gelation is
preferred due to mildness and less time involved in spontaneous aggregation. Chitosan‐aided
delivery systems protect drugs from chemical/enzymatic degradation in digestive system due
to strong mucus binding that enhance drug adsorption in intestinal epithelial cells [20].
Chitosan‐glycol nanogel uptakes endocytosis mediated by flotillin‐1 with Cdc42 and macro‐
pinocytosis attended by actin cytoskeleton participation and internalization mechanisms by
folate receptor are useful in drug delivery vectors for targeting different intracellular com‐
partments [9]. Glipizide chitosan‐xanthan beads exhibited control‐drug release, muco‐
adhesion, pH‐based swell kinetics, good bioadhesiveness, and comparable floating capacity
in gastric fluids [22]. Insulin‐chitosan‐tris‐buffer (pH 6.5) nano emulsions showed physical and
chemical stability in a reverse micelle system and potent hypoglycemic activity in diabetic rat
[20, 22]. Colon prolongs progesterone absorption for much first‐pass metabolism with low oral
bioavailability, but zinc‐pectinate‐chitosan vehicle increases drugs oral bioavailability with
more residence time in plasma for colonic‐specific delivery. Glutaraldehyde‐Boswellia‐resin
doped chitosan composites (phosphate buffer pH 6.8) releases 70% drug load in 7 hours with
augmented drug entrapment [9, 12, 20]. Chitosan‐catechol carrier imparts higher retention for
mussel adhesive proteins found in GI track via irreversible catechol‐mucin cross‐links aids in
mucosal drug delivery [9]. Fish oil‐based N‐stearoyl O‐butylglyceryl‐chitosan microcapsules
own desirable capacity and carrier encapsulation efficiency for sustained release of fish oil
besides higher thermostability [9].

11.6. Chitosan as an antioxidant

Chito‐oligosaccharide scavenges hydroxy, carbon‐cantered superoxide, alkyl, and 2, 2‐
diphenyl‐1‐picrylhydrazyl (DPPH) radicals at free NH2/OH site of pyranose skeleton and
offers stability and in vitro antioxidants protection without damaging membrane lipids,
protein, and DNA. Chitin‐doped carboxyethyl possesses good water solubility above pH 6.5
and potent radical scavenging activity for 2, 2'‐azinobis (3‐ethylbenzothiazoline‐6‐sulfonic acid
(ABTS) with EC50< 2 mg/mL and good in vivo bioactivity (Figure 3). Methacrylic/sodium‐acrylic
etherified chitosans owing to their high surface area with mico‐porosity and tensile strength
can be molded into different shape, size/forms films, fibers, sponges, beads, powder, gel, and
solutions for therapeutic antioxidant activity.

11.7. Chitosan in tissue engineering

Flexible mechanical and structural features of chitin is explored in tissue engineering to
procure materials which impart improved bio‐functions to be used to repair tissues like bone,
cartilage, blood vessels, bladder, skin, and muscles. Tissue engineering induces varied
dimensional/shape/size chitin forms like fiber, filament, film, sponge, and gel to provide
instant mechanical support and compatibility to bio‐fluids/tissues via cell, scaffold, and cell

Marine Polysaccharides in Medicine
http://dx.doi.org/10.5772/65786

197



scaffold interaction as shown in Figure 9. The 3‐D chitosan scaffold act as an artificial extrac‐
ellular matrix as reabsorbed by body with time till new tissue forms to aid to integrate new
tissues [20]. Chitosan interacts with cellular glycosaminoglycans to enhance cell attachment
and proliferation results for cell growth via mechanical enhancement which resembles
replaceable hard/soft tissue like bones, cartilage, muscles, and blood vessels.

Figure 9. Schematic depiction of highly compatible cell‐chitosan scaffold interactions [20].

Medical textiles or healthcare textiles is arapidly expanding technical textile market to prepare
materials for medical and healthcare products like simple gauzes, bandages, tissue culturing
scaffolds, and prostheses for permanent body implants [23]. Chitosan acquire basic require‐
ments of textile material for medical applications like biocompatible, resistance to alkali, acids,
and microorganisms, high‐dimensional stability, elasticity, free from contaminates/impurities,
absorption/repellence, and air permeability [24].

11.8. Chitosan in wound healing

Low immunogenicity characteristics of chitosan aids to provide 3‐D tissue growth matrix with
profound activities such as enhancing macrophage activity, stimulating cell proliferation to
heal wound and facilitating polymorphonuclear leukocytes, macrophages besides fibroblasts
induced granulation responsible for tissue repairs [25]. N‐acetyl‐β‐d‐chitosan degradation
imparts peculiarity like fibroblast proliferation, collagen deposition, and hyaluronic acid
stimulation at wound to accelerate healing without scar formation [26]. Nanochitosan adhesive
mats own high porosity, tensile strength, surface area, and ideal H2O vapour‐O2 transmission
rate compatible with adipose‐derived stem cells accountable for wound dressing (Figure 10(A–
D)). Nanochitosan surgical dressing provides fast wound healing through adhesiveness with
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scaffold interaction as shown in Figure 9. The 3‐D chitosan scaffold act as an artificial extrac‐
ellular matrix as reabsorbed by body with time till new tissue forms to aid to integrate new
tissues [20]. Chitosan interacts with cellular glycosaminoglycans to enhance cell attachment
and proliferation results for cell growth via mechanical enhancement which resembles
replaceable hard/soft tissue like bones, cartilage, muscles, and blood vessels.

Figure 9. Schematic depiction of highly compatible cell‐chitosan scaffold interactions [20].

Medical textiles or healthcare textiles is arapidly expanding technical textile market to prepare
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and microorganisms, high‐dimensional stability, elasticity, free from contaminates/impurities,
absorption/repellence, and air permeability [24].

11.8. Chitosan in wound healing

Low immunogenicity characteristics of chitosan aids to provide 3‐D tissue growth matrix with
profound activities such as enhancing macrophage activity, stimulating cell proliferation to
heal wound and facilitating polymorphonuclear leukocytes, macrophages besides fibroblasts
induced granulation responsible for tissue repairs [25]. N‐acetyl‐β‐d‐chitosan degradation
imparts peculiarity like fibroblast proliferation, collagen deposition, and hyaluronic acid
stimulation at wound to accelerate healing without scar formation [26]. Nanochitosan adhesive
mats own high porosity, tensile strength, surface area, and ideal H2O vapour‐O2 transmission
rate compatible with adipose‐derived stem cells accountable for wound dressing (Figure 10(A–
D)). Nanochitosan surgical dressing provides fast wound healing through adhesiveness with
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strong sealing strength without sutures/staples and prohibits blood vessel bleeding and air
leakage in lung surgery [26].

Figure 10. (A) Schematic pathway for chitosan vehicle drug's wound healings, (B) wound healing steps, (C) multilay‐
ered nanochitosan‐fiber‐based wound dressings, (D) chitosan compliance for fabrication: at pH < 6 amines get proto‐
nated to polycations and at pH > 6.5 amines get deprontonated to undergo interpolymer alliance yielding fiber/
globule.

Clinically, chitosan‐based nanofibers, composites, films, and sponges used for wound healing
in plastic surgery [9, 25], skin grafting [9, 27], and endoscopic sinus surgery [26, 27].
HemCon® hemostatic latex‐free bandages derived from chitosan‐coatings acts as extreme
adherent on blood contact to seal wound and controls bleeding (via affinity to red blood
cells) and effectively reduces hemostasis span. ChiGel, Chitopack‐C®, Trauma‐Stat™,
Tegasorb™ and Tegaderm™ Guarda‐Care®, Chito‐Flex®, and Chito‐Gauze® are chitosan‐
based products used for dressings in surgical protective thickness, dermal, limb trauma,
ulcers, injury, abrasions, and burns where chitosan swells with exudates to gel inaid healings.
Celox™ granules/flakes are hemostatic gauze that controls emergency bleeding via swelling
to gel‐clot on contact with blood and induce hemostasis in penetrating limb trauma in
contrast to conventional pressure bandages [9]. Topical chitosan‐coated pads promote
vascular hemostasis percutaneous catheters/tubes interventionally put on puncture site
found to aggregate red blood cells and platelets, thus shortening the clot formation‐5.
Carboxypolyvinylalcohol‐chitosan hydrogel film improved swelling ratio to maintain
moisture over wound besides sustaining drug release and effective suppression of bacterial
proliferations [27]. Curcuminbioglass‐encapsulated chitosan found many uses like wound
healing dressing, quenchingactivity of DPPH and superoxide, inhibit Staphylococcus aureus
bacteria, and reduce tumor necrosis [9, 27]. Varied ionic cross‐linkers aid in chitosan drug
delivery as shown in Table 4.
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Ionic cross‐linker Types of agents

Metal cations Fe(III)

Pt(II)

Mo(VI)

Smaller anions/molecules citric acid

Butanedioic acid

Glauber's salt

Ionic phosphate compound tripolyphosphate (TPP)

sodium beta glycerophosphate

Sodium salt ofcori ester/glucose 1‐phosphate

Sodium salt Robison ester/glucose‐6‐phosphate

Anionic polymers Natural Kappa/Iota‐Carrageenin (linear sulfated polysaccharide

Collagens (partial hydrolysis protein)

Hyaluronan (nonsulfated glycosaminoglycan)

Acidic gum (high uronic acid % natural exudates)

D‐galacturonic acid/Heteropolysaccharide

Gamma PGA (amino acid glutamic acid polymer)

Alginate/algin from seaweed

Dextran sodium sulfate (DSS)

E 415 gum from Xanthomonascampestris

Synthetic Acrylic acid polymer polyacrylic acid‐divinyl glycol

cross‐link polymer

Methacrylate polymer Eudragit

PNIPA/NIPApolymer Synperonic/Pluronic/Koliphor

*Relationship of polyolphosphate with chitosan is unclear and not been elucidated.

Table 4. Ionic cross‐linkers used for chitosan‐based drug delivery in biomedical devices [28].

11.9. Chitosan in water treatment

Chitosan acts as a natural adsorbent due to free amino and hydroxyl groups responsible for
adsorptive interactions with water pollutants like dyes [29], metals [30–33], and organic
compounds, etc. Functionality of chitosan is facile for modifications, viz., cross‐linking and
grafting so as to enhance its inherent absorption efficiency and specificity. Cross‐linking of
chitosan's functionality improved its sorption efficiency at low pH while grafting with sulfur/
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nitrogen improves specificity and capacity for heavy metals [30–33]. Dye adsorption by
unmodified chitosan is good; but its low stability prompted researchers to modify/graft at
amino, carboxyl, sulfur, and alkyl groups. Chitosan can be cross‐linked with epichlorohydrin,
ethylene glycol diglycidyl ether, glutaraldehyde, and tripolyphosphate to improve its sorption
efficiency besides mechanical and physical properties. Chitosan alteration is best for adsorp‐
tion of dyes, phenols, polycyclic aromatic, pesticide, herbicides, and metal ions. Metal cations
are chelated specifically at protonated amines in acidic conditions whereas anions by electro‐
static interactions. Chitoneous adsorptive interaction includes partition, diffusion, chelation,
trapping, scavenging, cation exchange, hydrogen bonding, Van der waals force, dipole–dipole,
and electrostatic interactions [29–33]. Quaternary tetra‐alkylammoniumchitosans own
permanent +ve charge at ‐OH/NH2 to boost antimicrobial activity (at wide pH) in orthopedic,
wound dressing in surgery, anion exchange cartridge, dental implants, colorimetric analysis,
and perchlorate removal of water [9, 20]. Fe‐chelated‐chitosan granules found to promote
selective fluoride sorption over chloride from water in defluoridation technique. Protonated
polyamidoamine‐grafted chitosan‐Zr (IV) beads selectively removed fluoride than other ions
in spontaneous and endothermic way [34]. Magnetic hydroxypropyl‐chitosan multiwalled‐
carbon nanotubes adsorbs lead (II) from water. Chitosan‐glutaraldehydenanofibers exhibited
double adsorption capacity (than chitosan) forCr (VI) removal from water. Chitosan‐polyphe‐
nol‐oxidase quinine nanobeads rapidly eliminate bisphenols from water [33]. Chitosan‐
pyruvic acid composites are found to adsorb Cd (II) from wastewater. Chitosan‐modified soil
cyanobacterial breakdowns harmful algae blooms and microcystins via flocculation and
inhibiting algal cells and sequester liberate toxins to promote biodegradation [9]. Chitosan‐
doped sodium tripolyphosphate nanorods mitigate toxic Cr+6 from water via multilayer
adsorption and consequent oxidation to ambient Cr+3 ions [34]. These chitosan‐based com‐
mercialized viable adsorbents own peculiar characters like high specific surface area, low
internal diffusion resistance, biodegradability, quantum size effect, ecofriendliness, versatility,
low cost, and high adsorption capability and selectivity.

11.10. Chitosan in regenerative medicines

N‐methacryloyl chitosan possessesdesirable features like hydro‐solubility, UV‐cross‐linkabil‐
ity, and injectability facilitating cell‐loaded microhydrogels and quick transdermal curing in
vivo needed in localizing/sustaining protein delivery [20]. Chitosan‐α‐tricalcium phosphate
exhibited histocompatibility for Beagle mesenchymal stem cells without effecting cellular
growth and proliferation, further manifesting efficacy by enhancing osteogenesis and vascu‐
larization to repair bone defects in conjunction with mesenchymal stem cells [12, 20]. Silk
reinforced chitosan promotes redifferentiation of caprine chondrocytes and retained more
glycosaminoglycan to improve aggregate modulus construction, whichresembles with native
tissues. Bone morphogenic protein‐chitosan scaffolds burst sustainable drug release and
biocompatibility which is necessary for cartilage tissue [9, 20]. Chitosan hollow tubes regen‐
erates repair sciatic and damage phrenic nerves via improved diaphragm movement besides
slow phrenic nerve transfer by granulation in beagle‐dogs [12]. Cell encapsulated chitosan
gels/porous chitosan fibrous matrix with biocompatible materials like CaPO4, gelatin modify‐
ing biomechanical stiffness, and cell‐matrixinteraction properties. These chitosan adaptations
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optimize cell/tissue differentiation and tailor transplantation to different clinical cell delivery
by improving adherent ability for seeding cells to allow encapsulations.

11.11. Chitosan in obesity treatment

Chitosan dietary supplement/nutraceutical lowers serum cholesterol besides controlling
obesity imparted to no digestion in our gastrointestinal tract. Chitosan gets swelled up to feel
satiety by physically filling the stomach [9, 20] and inhibition of pancreatic lipase enzyme
chitosan reduces dietary fat absorption in intestines. Chitosan precipitates fat in intestines via
anionic binding with carboxyls of fatty/bile acids and hinder neutral cholesterol/sterol
emulsification through hydrophobic interaction, thus it remains reduced/unabsorbed in GI
tract for obesity and hypercholesterolemia treatments [35].

11.12. Chitosan in cardiovascular treatment

Chitooligosaccharides entry in gastric gavages of mice in the treatment of apo‐lipoprotein‐E
deficiency along with high‐fat diet feeding showed peculiar changes like lowered triglycerides
and cholesterols, undermined atherosclerosis, increased atherosclerotic plaque stability,
unregulated hepatic expression of low density lipoprotein receptor, macrophage scavenger
receptor BI, and ATP binding cassette transporter‐A1. But in wild mice with low density
lipoprotein receptors deficiency and high cholesterol absorption found no change in plasma
lipid levels of LDL‐R. Chitooligosaccharides aid in hypercholesterolemia, i.e., remove low‐
density lipoprotein (LDL) oxidized products: cholesterol which causes coronary atheroscle‐
rosis as toxic for endothelial cells. Chitosan increase binding of LDL to endothelium and
smooth muscle by mediating inflammation such as TNF‐α, IL‐1, and macrophage colony‐
stimulating factors. Hypocholesterolemic effect lowers lipid and media‐milled chitosan
treatments found to decrease serum triacylglycerol, total, and LDL cholesterol which is highest
than pure chitosan. The elevated serum cholesterol causing cardiovascular diseases, since 10%
blood cholesterol reduction using chitosan consumptions reduces the risk of coronary heart
disease by 30%.

11.13. Chitosan in aging treatments

Degenerative aging diseases like cardio‐/cerebrovascular, diabetes, osteoporosis, and cancer
are common in old people that are diet‐affected [9]. Old people showdeficiency of Zn, Fe, Se,
Cu‐metals, Vit‐A, B, C, and E, which impacts immune responses or impair immunity. But
chitosan‐ascorbate can compensate such deficit and thrust neutrophils, NK/NKT/dendritic
cell, monocyte/macrophage, and mediate initial pathogen interactions link to compromise
signal transduction T cells pathway and gut microbiota homeostatic regulation to reduce low‐
grade inflammation in age‐related diseases via triggering intestinal activity. Chitosanoligo‐
saccharides used as functional food and aging disease therapy/treatment, pathophysiology via
affecting oxidative stress, low‐density lipoprotein oxidation, enhance tissue stiffness, govern
protein conformational changes, and chronic inflammations [9, 20, 35].
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11.14. Chitosan in mucosal immunity enhancer

Chitosan ‐C48/80 nanoparticle carried Bacillus anthracis protective antigen in mice have
produced elevated serum titers of antibodies against protective antigen and a more bal‐
anced Th1/Th2 pattern then mere C48/80 solution and nanochitosan/alginate – C48/80 com‐
posite. C48/80 within chitosan found to promote a stronger mucosal immunity than other
adjuvant groups indicating action in concert with a mast cell activator to affect nasal im‐
munity [9, 20].

11.15. Chitosan in dry mouth syndrome therapy

Chitosan‐thioglycolic‐mercaptonicotinamide conjugates are nontoxic andare useful against
Caco‐2 cells that remarkably improved swelling and cohesive characteristics that are promis‐
ing for dry mouth syndrome therapy where lubrication and mucoadhesiveness of mucosa is
needed [9, 12, 20] than that of unmodified chitosan. About 10% of older people have dry mouth
syndrome/xerostomia, i.e., not enough saliva/spit in the mouth. Treatment of dry mouth
syndrome includes chitin‐based products that moisten themouth, e.g., electrospun chitosan
fibers decrease microorganisms, molds, yeast, to yield lighter appearance, and less muscle
denaturation in comparison with traditional dryageing. Test disks were compressed out of
unmodified chitosan‐TGA (thiomers) and/or TGA‐MNA conjugates to investigate cohesive
properties, cytotoxicity assays, and mucoadhesion studies. Immobilized‐MNA achieved
higher swelling and cohesion for chitosan‐TGA‐MNA conjugates compared to unmodified
chitosan. Preactivated chitosan thiomer exhibited higher stability among all conjugates and
nontoxic against Caco‐2 cells.

11.16. Chitosan in gene silencing in disease vector mosquito larvae

The vector mosquitoes inflict diseases in humans, such as malaria, dengue, and yellow fever,
which cause death of more than one million people per year compared to any other living
organism. RNA interference mediated gene silencing/targeting the interested/responsible
gene for disease using chitosan nanoparticles combined with food and ingested by larvae.
Thus, a technically straightforward, high‐throughput, and cheap methodology is compatible
for mosquitoes, insects, agricultural pests, and nonmodel organisms deals with long double‐
stranded/small interfering RNA. Chitosan nanofibers can potentially inhibit gene functions in
disease vector mosquitoes ingested by larvae when mixed with food [12, 20]. Chitosan/siRNA
nanoparticles used to target semaphorin‐1‐a during olfactory system development in dengue
and yellow fevers arise by vector Aedesaegypti mosquitos. Chitosan/AgCHS‐dsRNA‐
basenanocrystals own repression of AgCHS‐1 and AgCHS‐2 chitin synthase genes via feeding
larval in Anopheles gambiae.

12. Conclusion

Chitinorchitosan hasdistinctive biological/physicochemical properties and are researchedin
the fields of biotechnology, medicine, cosmetics, food technology, and textiles. Marine crabs,
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lobsters, shrimps, and mollusks are a resource of chitin as well as arthropod, crustacean, fungi,
yeasts, algae, and squid pen exoskeletons. Comparatively, chitosan is a widely used in various
industries,viz., biochemical, food, drugs, as dietary fiber, wastewater treatments, surgical
threads, wound healing, immune response to allergy, plant immune inducer/defense against
pathogens, and is also used in antimicrobial, anticholesterol, and antitumor activities. Chitosan
alteration/designing via tissue engineering is also used in various areas such as bone scaffold,
drug delivery, wound healing, and metal/dye absorbents. The marine crustacean shells are rich
chitooligosaccharides with calcium carbonate (20–50%), proteins (20–40%), and chitin (15–
40%), contents that can be separated by using an integrated biorefinery with mechano/chemical
processes for their distinct uses. This chapter presents a variety of chitooligosaccharides with
specific characteristics, such as skeletal modifications, biocompatibility, and antimicrobial and
antiinflammatory activities, in relation to possible solution properties.
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Abstract

In the last time, the use of natural additives that are biocompatible, are biodegradable,
have  low  toxicity  and  are  from  renewable  resources  attracted  attention  of  many
researchers due to their high ability to retain different pollutants from wastewaters. In
this context, there are many research studies that highlight the biosorbent ability of
chitosan and their composites for the pollutants from wastewaters such as heavy metal
ions, organochloride pesticides, suspended solids, turbidity, organic oxidised substan‐
ces, fatty and oil impurities or textile wastewater dyes. Furthermore, the increase of
adsorption ability of chitosan by chemical modifications leading to the formation of
chitosan derivatives, grafting chitosan and chitosan composites gained much attention,
being extensively studied and widely reported in the literature. In this chapter the
research studies regarding the chitosan application in wastewater treatments as well as
the preliminary results on its chemical modification to obtain and utilisation of zeolite‐
chitosan composites in adsorption of organic pollutants from industrial wastewaters are
presented.

Keywords: Chitosan, Chitosan composites, Wastewaters, Chitosan‐magnetite, Chito‐
san‐zeolites, Adsorption isotherm, Adsorption kinetics, Pollutants, Total suspended
solids, Chemical oxygen demand, Heavy metal ions, Removal efficiency

1. Introduction

In the last time, different wastewater decontamination methods that include chemical precipi‐
tation, nanofiltration, solvent extraction, ion exchange, reverse osmosis and adsorption have
been extensively studied. Out of these methods, adsorption is particularly attracting scientific
focus mainly because of its high efficiency, low cost and easy handling and high availability of
different adsorbents [1].
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Chitosan is a versatile polysaccharide widely distributed in nature (second most abundant
biopolymers after cellulose) produced by alkaline N‐deacetylation of chitin. Many application
fields are described in scientific publications regarding the use of chitin, chitosan and their
derivatives. Wastewater treatment using chitin or chitosan is an important application.
According to this, there are many research studies that highlight the biosorbent ability of
chitosan and their composites to remove the pollutants from wastewater. They could be used
as coagulating/flocculating agents for polluted wastewaters [2, 3], in heavy metal or metalloid
adsorption (Cu(II), Cd(II), Pb(II), Fe(III), Zn(II), Cr(III), etc.) [4, 7, 8] for the removal of dyes
from industrial wastewater (i.e. textile wastewaters) [6], as well as for the removal of other
organic pollutants such as organochloride pesticides, organic oxidised or fatty and oil impur‐
ities.

Due to the high performances, chitosan derivatives are used as adsorption additives [5] in
many research investigations. Some examples are derivatives that contain heteroatoms based
on nitrogen, phosphorous and sulphur or complex combinations of chitosan with ethylene‐
diaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA).

In the last time, the chitosan composites have been tested in wastewater treatments for
adsorption of dyes [6] and heavy metals [7– 9]. To form composites with chitosan, different
substances have been used, such as montmorillonite, polyurethane, activated clay, bentonite,
zeolites, oil palm ash, calcium alginate, polyvinyl alcohol, cellulose, magnetite, sand, cotton
fibres, perlite and ceramic alumina [10–14].

This chapter highlights the application of chitosan and their composites (zeolite‐chitosan
composites) as adsorbents and flocculants in wastewater treatments including the method of
preparation, mechanisms/kinetics and factors that can affect their efficiency in the pollutant
adsorption capacity (pH, biosorbent dosage, contact time). Some experimental results obtained
on static adsorption methods applied on industrial and municipal wastewaters are presented.

2. Chitosan in wastewater treatments

2.1. Chitosan structure and properties

Chitosan is a partially deacetylated polymer obtained by the alkaline deacetylation of chitin,
a biopolymer extracted from shellfish sources. It is a linear hydrophilic amino polysaccharide
with a rigid structure containing both glucosamine and acetylglucosamine (poly‐β‐(1 → 4)‐2‐
amino‐2‐deoxy‐d‐glucose) units (Figure 1a). Chitin (poly‐β‐(1 → 4)‐N‐acetyl‐d‐glucosamine)
can be characterised as one of the most abundant natural biopolymers (Figure 1b) [15].

Native chitosan is insoluble in water or organic solvents, but at acidic pH (below pH 5), when
the free amino groups are protonated, chitosan becomes a soluble cationic polymer with high
charge density [16–18].

The infrared (IR) absorption spectra of chitosan and chitin are presented in Figure 2. It can be
observed that three types of absorption bands exist: the amide I bands of chitosan characterised
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by absorption at approximately 1655 and 1630 cm−1, the amide II bands of chitin at approxi‐
mately 1560 cm−1 and the absorption bands for –OH groups at 3450 cm−1 [19].

Figure 1. Chemical structural representation of chitin (a) and chitosan (b).

Figure 2. Infrared spectra of chitin (A) and chitosan (B) [19].

Chitosan has many attractive properties such as hydrophobicity, biocompatibility, biodegrad‐
ability, non‐toxicity and the presence of very reactive amino (–NH2) and hydroxyl (–OH)
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groups in its backbone, which makes chitosan to be used as an effective adsorbent material for
the removal of wastewater pollutants.

The main advantage of chitosan over other polysaccharides (cellulose or starch) is their
chemical structure that allows specific modifications to design polymers for selected applica‐
tions. On the one hand, their reactive groups are able to develop composites with different
compounds that have proven to have better capacity to adsorb the wastewater pollutants and
to resist in acidic environment. Some examples include bentonite, kaolinite, oil palm ash,
montmorillonite, polyurethane, zeolites, magnetite, etc. On the other hand, their cationic charge
(chitosan is single cationic biopolymer) is able to neutralise and successfully flocculate the
anionic suspended colloidal particles and reduce the levels of chemical oxygen demand,
chlorides and turbidity in wastewaters [2, 3].

2.2. Chitosan as flocculant/coagulant of pollution colloid impurities

Flocculation is an essential phenomenon in industrial wastewater treatment. Organic poly‐
meric flocculants are widely used nowadays due to its remarkable ability to flocculate
efficiently with low dosage compared with inorganic coagulants (salts of multivalent metals)
that are being commonly used (due to its low cost and ease of use) but have low flocculating
efficiency and present the residual concentration of metal in the treated water. In this context,
the coagulation and flocculation properties of chitosan (given by their cationic charge) can be
exploited to remove the negative‐charged colloidal organic or inorganic impurities from
wastewaters [16].

Since most pollution colloids are negatively charged, cationic polymers or polyelectrolytes are
of particular interest as potential coagulants/flocculants. Due to its cationic unique feature,
chitosan is one of the most promising biopolymers for extensive application in wastewater
treatment, and its coagulative action is very effective compared with the mineral coagulants
such as aluminium sulphate, polyethyleneimine and polyacrylamide in removing different
pollutants from aqueous solution [20, 21].

The protonated amine groups along the chain obtained by dissolving of chitosan in acids
facilitate electrostatic interactions between polymer chains and the negatively charged
contaminants (metal anions, dyes, organic compounds, etc.) [16]. Due to the presence of
primary amino groups, the biopolymer has a high cationic charge density [22] and long chains
with high molecular weight, being an effective coagulant and/or flocculant for the removal of
contaminants in the suspended and dissolved state [16, 23,24]. The active amino groups (NH2)
in the chitosan molecule can be protonated with H+ in water into a cationic polyelectrolyte [25]
such that the molecule has characteristics of static attraction and adsorption. Chitosan
coagulation produces better quality floaters, namely, larger floaters with faster settling velocity.
The effectiveness of chitosan for coagulating mineral suspensions can be improved due to the
presence of inorganic solutes or due to the addition of materials extracted from soils at high
pH [26].

Based on the high affinity of chitosan for different contaminants, there are many studies
where these properties of chitosan for removing of dyes from solution [22] or textile waste‐
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water [27, 28], organic matter (e.g. lignin and chlorinated compounds) in pulp and paper
mill wastewater [29], heavy metals and phenolic compounds in cardboard‐mill wastewater
[30, 31] and inorganic suspensions in kaolinite suspension are demonstrated [32].

In this context, Abu Hassan et al. in their research, have emphasised that a chitosan dosage
between 12 mg/l and 30 mg/l lead to an important decreasing of chemical oxygen demand and
turbidity (Figures 3 and 4) as result of high charge density of chitosan that has effect to quickly
destabilisation of colloidal equilibrium [33].

Figure 3. Effects of chitosan dosage on COD level and the percentage of COD level reduction: , COD level and ,
% COD level reduction [33].

Figure 4. Effects of chitosan dosage on turbidity level and the percentage of turbidity level reduction by using chitosan,
, turbidity level and , % turbidity level reduction [33].

Zeenat et al. [3] have extracted the chitosan from Indian prawn and used it in treatment of
wastewaters from ghee industry. They examined the flocculation process regarding the
influence parameters such as chitosan dosage, optimum pH and mixing times. The chitosan
showed significant difference by successfully flocculating the negatively charged suspended
particles, thereby reducing chemical oxygen demand with 80.1 %, turbidity with 91.8 %, total
dissolved solids with 72.5 % and conductivity of analysed wastewaters with 73.7 % (Table 1).
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Parameters Wastewater from ghee industry Chitosan-treated wastewater Reduction, %

COD, mg/l 1934 383 80.1

TDS, mg/l 3108 852 72.5

Conductivity, μS/cm 1987 521 73.7

Turbidity, NTU 69 5.6 91.8

Table 1. Effect of chitosan treatment on the ghee wastewater quality [3].

In our studies [34, 35] we have been using the chitosan (with high molecular mass and 20.8 %
acetylation degree) to remove the pollutants from textile wastewaters. The obtained results
highlighted a high efficiency for suspended solid removal (99.65 %), for chemical oxygen
demand (70.5 %) and about 79.57 % for grease impurity removal (Table 2).

Pollution indicator Before the treatment

with chitosan

After the treatment

with chitosan

The wastewater pollutant

removal efficiency, %

Total suspended solids, mg/l 5798 20.0 99.65

COD, mg/l 51.5 15.17 70.5

Sulphides, mgH2S/l 5.64 4.2 25.53

Greases and oil content (extractives in

organic solvents), mg/l

1351 276 79.57

Table 2. The wastewater pollutant removal efficiency after chitosan treatment.

For a dosage of about 1 g chitosan/100 ml wastewater and mixing duration of about 60 min, a
high efficiency for dye removal from textile wastewaters was registered (Figure 5).

Figure 5. Variation of textile wastewater colour after treatment with (a) initial wastewater, (b) synthetic resin Purolite
C100 and (c) chitosan.
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2.3. Chitosan as adsorbent of metal ions

Adsorption has been proven to be a reliable and economical alternative to remove the pollu‐
tants from wastewaters, and the use of chitosan as biosorbent for heavy metal ions is reported
in a large quantity of literature studies.

The bond between the metal ion and chitosan functional groups in the biosorption process
involves different phenomena as complexation, electrostatic attraction, micro‐precipitation
and ion exchange. The mechanism of complex formation between chitosan and metal ions
during adsorption process can be developed in two ways:

Bridge model: metal ions are bonded with various amino groups from the same chain or from
different chains through complex inter‐ or intramolecular reactions.

Pendant model: metal ions are bonded with amino groups in a hanging manner.

In our experiments, we tested the adsorption ability of chitosan for heavy metal ions from
textile wastewaters (Cu(II) and Pb(II)) and aqueous solutions (Zn(II) and Fe(III)).

The removal efficiency was 91.67 % for Pb ions and 54.15 % for Cu ions, being influenced by
pH value which is a very useful parameter that affects the surface charge of wastewater
solutions in terms of stability of suspensions. In our studies the maximum adsorption of Cu(II)
and Pb(II) ions from textile wastewaters was obtained at pH value of 8 (Figure 6 (a) and (b)).

Figure 6. The influence of pH value on the adsorption of metal ions from wastewater: (a) Pb(II) content and (b) Cu(II)
content.

The main functional groups of chitosan which are potential points for adsorption of metal ions
are –OH and –NH2. In pH acid conditions, these groups are protonated (–OH2

+, –NH3
+) and

make the adsorption of metal ions to be reduced. As pH value increases, the degree of
protonation of functional groups decreases. This influences the process forming of complex
coordination bonds between the metal ions and functional groups.

In the experiments regarding the adsorption capacity of Zn2+ ions in aqueous solution on the
chitosan, we used three different samples of chitosan, a pure chitosan (having a 55.94 %
acetylation degree) and two commercial products [36]. The influence of temperature (20, 40,
60 °C) on the dissociation process was verified by pH and conductivity measurements. The
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effects of chitosan dosage (0.1 g, 0.2 g), heavy metal concentration (10–20 g L−1 Zn2+), contact
time (15–60 min) and mixing rate (450 rpm) on adsorption efficiency were studied. During the
adsorption process, Zn2+ ions were chelated by chitosan through the amine groups in the fibres.
The duration of action of the metal ions on chitosan is the main factor affecting the final product.
The complex formed between chitosan and Zn was analysed by spectrophotometric method
at λ of 264 nm (Figure 7(a) and (b)).

Figure 7. Chitosan‐Zn2+ ion interaction effects: (a) 0.1 g chitosan dosage and (b) 0.2 chitosan dosage.

High quantity of chitosan in complex formed between chitosan and Zn involves longer contact
time to reach the adsorption equilibrium. The obtained results showed that chitosan can be
used to retain Zn2+ ions in certain systems (e.g. farmlands and industrial wastewater). Chitosan
as adsorbent could be regenerated and reused, being an effective adsorbent for zinc ions and
other metal ions from wastewater [36].

Figure 8. SEM structural analysis of chitosan (a) and chitosan‐Fe(III) chelated complex (b).

Biological Activities and Application of Marine Polysaccharides216



effects of chitosan dosage (0.1 g, 0.2 g), heavy metal concentration (10–20 g L−1 Zn2+), contact
time (15–60 min) and mixing rate (450 rpm) on adsorption efficiency were studied. During the
adsorption process, Zn2+ ions were chelated by chitosan through the amine groups in the fibres.
The duration of action of the metal ions on chitosan is the main factor affecting the final product.
The complex formed between chitosan and Zn was analysed by spectrophotometric method
at λ of 264 nm (Figure 7(a) and (b)).

Figure 7. Chitosan‐Zn2+ ion interaction effects: (a) 0.1 g chitosan dosage and (b) 0.2 chitosan dosage.

High quantity of chitosan in complex formed between chitosan and Zn involves longer contact
time to reach the adsorption equilibrium. The obtained results showed that chitosan can be
used to retain Zn2+ ions in certain systems (e.g. farmlands and industrial wastewater). Chitosan
as adsorbent could be regenerated and reused, being an effective adsorbent for zinc ions and
other metal ions from wastewater [36].

Figure 8. SEM structural analysis of chitosan (a) and chitosan‐Fe(III) chelated complex (b).

Biological Activities and Application of Marine Polysaccharides216

In other research studies, the removal of Fe(III) ions from aqueous solution using chitosan was
studied [37]. Retention of Fe(III) ions on chitosan is influenced by factors as contact time, the
concentration ratio of the phases, pH and mixing rate. Retention of Fe(III) ions on chitosan is
strongly dependent on the pH changes. For pH lower than 3, chitosan is dissolved, and for pH
higher than 4.5, a colloid solution is obtained. The equilibrium of the chitosan adsorption is
established relatively quickly, after 60 min, and the adsorption capacity for retaining the Fe(III)
ions is more than 80 % (mg/g). Scanning electron microscope (SEM) images showed the formed
complexes and the chemical modification of chitosan depends on the ion concentration.
Structural analysis by SEM provides an indication that the mechanism of adsorption of Fe(III)
ions on chitosan is a complex phenomenon involving the formation of nodosities on the
chitosan structure. The mechanism of retention of Fe(III) ions on chitosan is a complex
phenomenon and involves the formation of lumps on the structure of chitosan through the
surface adsorption of metal ions and strong coordination with functional groups (Figure 8).

3. Chitosan composites in wastewater treatment

Chitosan is a very promising adsorbent, which can be modified in many ways (grafting, cross
linking, functionalisation for forming composites, etc.). Because chitosan is very sensitive to
pH, forming either gel or dissolve depending on pH values, some cross linking reagents such
as glyoxal, formaldehyde, glutaraldehyde, epichlorohydrin, ethylene glycon diglycidyl ether
and isocyanates have been used to improve its performance as adsorbent [38]. This process of
cross linking stabilises chitosan in acid solutions becoming insoluble and enhances its me‐
chanical properties [39]. A large volume of works has been published during the last three
years, presenting results of chitosan‐modified adsorbents for the removal of various pollutants
(dyes, metals/ions, others).

Recently, chitosan‐based metal particle composites have been studied increasingly as an
alternative adsorbent in water treatment, such as using metals [40], metal oxides [41], mag‐
netite [42] and bimetals [43], to adsorb heavy metals and dyes from wastewater. For example,
chitosan‐coated magnetite nanoparticles (CMNP) were prepared and used as bactericidal
agent to remove organic contaminants and bacteria from water [14].

Moradi Dehaghi et al. [44] in their research have developed the chitosan‐ZnO nanoparticle
composites by sonication process. The dissolution and swelling studies were performed on
these composites, and crystallinity and surface morphology characterisation using X‐ray
diffraction, Fourier transform infrared spectroscopy (FT‐IR) and scanning electron microscope
of nanocomposite samples were studied. The testing of sorbent performance of these materials
was carried out on pesticide adsorption from aqueous solution of permethrin 25 % using a
column of chitosan‐ZnO nanocomposite beads. It was demonstrated that the CS/ZnONP beads
had an excellent adsorption performance. In comparison with chitosan beads, the removal
efficiency of CS/ZnONP beads was increased from 49 % to 99 %. The adsorption and regener‐
ation studies of permethrin demonstrated that the CS/ZnONP beads could be reused effec‐
tively with 56 % regeneration after three cycles in on‐line column. Based on the high sorbent
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capacity, CS‐ZnONP beads could explore a new biocompatible and eco‐friendly strategy for
pesticide removal and could be used in water treatment process.

Figure 9. Schematic representation of removal mechanism of chromium ions by chitosan‐magnetite nanocomposite
strip [42].

In their studies, Sureshkumar et al. [42] have synthesised magnetite nanoparticles (Fe3O4) using
co‐precipitation method. After UV‐VIS, X‐ray diffraction and atomic force microscopy
characterisation, these nanoparticles were mixed with chitosan solution to form hybrid
nanocomposites. The affinity of hybrid nanocomposite for chromium was studied using
K2Cr2O7 (potassium dichromate) solution as the heavy metal solution containing Cr(VI) ions.
Adsorption tests were carried out using hybrid nanocomposite strips at different time intervals
compared with chitosan‐only strip (Figure 9).

The chromium removal efficiency of chitosan strip is 29.39 % and that of the chitosan‐magnetite
nanocomposite strip is 92.33 %. Based on these results, the chitosan‐magnetite nanocomposite
strips are highly efficient for chromium removal from tannery wastewaters.

Abd‐Elhakeem et al. [14] have prepared chitosan‐coated magnetite nanoparticles and used it
as adsorbent, chelating agent or bactericidal agent to remove organic contaminants, heavy
metals and bacteria from water. In their research they find that the adsorption capacities of the
different contaminants considerably increased with chitosan‐magnetite nanoparticle concen‐
tration. The highest affinity was found for petroleum impurities, where 1 g of CMNP removed
about 98 % from it, while the lowest capacity was recorded by heavy metals (Figure 10).
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Figure 10. The influence of CMNP concentration on the removal % of different contaminants [14].

In the same studies, the influence on the bacterial growth was partially inhibited at concen‐
tration 0.1 g/ml of CMNP. The complete growth inhibition has occurred at concentration of
0.5 g/10 ml.

Hritcu et al. [45] in their research have evaluated the performances of composite chitosan‐
magnetite microparticles (Fe‐Cc) as a new adsorbent for cobalt and nickel ion separation from
aqueous solutions. Their sorption batch experiments were conducted for optimising the pH,
initial target ion concentration and adsorbent amount. The experimental data have emphasised
that Langmuir isotherm model is the best fit; the material has a maximum adsorption capacity
of 588.24 mg/g for cobalt ions and, respectively, 833.34 mg/g for nickel ions. Regeneration study
demonstrated that Fe‐Cc particles might be reused up to three times without significant loss
in adsorption capacity.

Saifuddin and Dimara [46] have investigated the potential and effectiveness of applying
chitosan‐magnetite nanocomposite particles as a primary coagulant and flocculants compared
with chitosan for pretreatment of palm oil mill effluent (POME). The experiments were carried
out under different conditions of dosage and pH, and the performance was assessed in terms
of turbidity, total suspended solids (TSS) and chemical oxygen demand (COD) reductions. At
the optimum conditions of pH and chitosan‐magnetite, dosage was obtained about 98.8%
reduction of turbidity, 97.6% of TSS and 62.5% for COD level. The synergistic effect of cationic
character of both the chitosan amino group and the magnetite ion in the pretreatment process
for POME brings about enhanced performance for effective agglomeration, adsorption and
coagulation. It is important to mention that the chitosan‐magnetite nanocomposite has a high
efficiency (about 99%) to remove the oil residue from POME, better than chitosan only. The
results showed that coagulation with chitosan‐magnetite or chitosan was an effective and
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environmentally friendly pretreatment technique for palm oil mill effluent wastewater
compared to alum and alum polychloride‐PAC which creates hazardous residual waste.

3.1. Chitosan-zeolite composites in wastewater treatment

Due to their thermal and chemical stability and great potential for the separation of ions by
cation exchange, zeolites are especially appealing among all kinds of inorganic fillers. The
cation exchange capacity of the zeolites therefore depends on the framework Si/Al ratio and
decreases with an increase of the Si/Al ratio.

Chitosan‐zeolite composites have shown good adsorption properties for different pollutants
such as dyes, phosphates, nitrates, ammonium and humic acids [47–49] as well as for the
removal of heavy metal cations [50, 51].

Nesic et al. [52] in their research presented data about synthesis of chitosan‐zeolite composite
films and its application on adsorption of anionic dye (Bezactive orange 16 (BO16)) from
aqueous solutions. The equilibrium data were fitted to Langmuir and Freundlich models,
presenting Qm = 305.8 mg/g. This value was taken at pH = 6, which based on preliminarily
results was found to be optimum.

Wan Ngah et al. [53] in their studies have prepared chitosan‐zeolite (CZ) composite adsorbent
to remove Cu(II) ions from aqueous solutions. The kinetic, adsorption isotherm and desorption
studies have been completed. The optimum pH value was 3 and the best isotherm was fitted
by the Redlich‐Peterson and Langmuir models. The percentage of Cu(II) desorption was only
47.97%, which indicated that the Cu(II) ions were strongly bonded to the CZ surface.

Our studies were focused on obtaining of chitosan‐zeolite (CZ) composites using commercial
chitosan and zeolites from local volcanic tuff deposits with 71–83.3% of clinoptilolite contents.
These composites were applied on organic impurities adsorption from poultry farm waste‐
waters. Chitosan‐zeolite composites have been prepared by the encapsulation method
according to the procedure described by Wan Ngah et al. [53] as follows: chitosan and zeolite
were mixed in acetic acid solution (5%) and stirred for 2 h. At this mixture acetic acid solution
was added (5%) and stirring continued about 1 h. Aiming to form the composite beads, the
obtained suspension was added dropwise into the precipitation bath containing NaOH, and
the mixture was stirred for 3 h. The formed beads were filtered and washed with distilled water
to remove excess of NaOH and finally air‐dried. After drying the beads were grinded to obtain
the desired size (<200 μm). After this, the beads of chitosan‐zeolite composite were structurally
characterised by SEM image analyses and EDX spectral analyses and used as adsorbent for
the organic impurities from wastewater (COD and greases and oil impurities).

From the SEM micrograph presented in Figure 11, chitosan‐zeolite composite has rough and
flaky surface. Zeolite is present as loose aggregates of micrometric octahedral crystals included
in cavities of a continuous polysaccharide matrix, in the case of evaporative drying; the
shrinkage of the polysaccharide gel has led to a physical separation between polymer and
embedded zeolites.
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Figure 11. Chitosan‐zeolite composite SEM images.

The EDX spectra (Figure 12) show the presence of sodium, which is originated from zeolite
where the sodium ions counterbalance the negative charge of zeolite. Carbon, nitrogen,
oxygen, aluminium and silicon were found in chitosan‐zeolite composites since they are the
major components of chitosan and zeolite.

Figure 12. EDX spectra of chitosan‐zeolite composites.

Experiments were carried out at 25 °C where different amounts of chitosan‐zeolite composite
ranging from 30 to 150 mg were mixed with 50 ml wastewater and stirred at 250 rpm for 60 min.
After adsorption, the mixture was filtered, and the removal percentage of chemical oxygen
demand (COD) and fatty impurities was calculated using Eq. (1) formula.
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where Ci is the pollutant content before treatment [mg/l] and Cf is the pollutant content after
treatment [mg/l].

Figure 13. The effect of chitosan‐zeolite composite dosage on the COD reduction.

The effect of adsorbent dosage on the removal of COD is shown in Figure 13. The quantity of
COD removed increases as the chitosan‐zeolite dosage increased. This was due to the increase
in the number of active sites on chitosan‐zeolite composites. The dosage of 0.10 g can be selected
as the optimum dosage for further experiments. It can be observed that over this dosage, no
further increase exists in the percentage removal of COD.

Figure 14. The effect of chitosan‐zeolite composite dosage on the fatty and oil reduction.

The reduction of fatty and oil impurities increases with the chitosan‐zeolite composite dosage,
as it can be observed in Figure 14. It considers that the optimum dosage is at 0.05 g when the
highest quantity of fatty impurities from wastewaters is eliminated.

Compared with the use of chitosan and zeolites only as adsorbents, it can be observed from
Figure 15 that the chitosan‐zeolite composite performance is better. At the 60 min of adsorption
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time and the 0.3 g adsorbent dosage, the COD reduction is 45% for chitosan‐zeolite composites
than 20–21% for chitosan and zeolites only [54].

Figure 15. The pollutant reduction performances for different natural adsorbents.

4. Conclusions

Based on their proved properties, chitosan can be a very promising adsorption additive for
wastewater pollutants. Aiming to improve their adsorption performances, chitosan can be
modified by grafting, cross linking, functionalisation for forming composites, etc. Based on its
origin product (chitin which can be found abundant in marine media, i.e. in the exoskeleton
of crustaceans or cartilages of mollusks), the potential of chitosan to be used as (bio) adsorbent
for wastewater pollutants is strong. However, the main drawback that limits the use of chitosan
at industrial level is their low solubility in aqueous media. In this respect, the performances of
chitosan can be improved by cross linking with different reagents, allowing chitosan compo‐
sites to be used in acidic condition. To form composites with chitosan, different kinds of
substances have been used.

The cationic nature of chitosan influences the adsorption mechanism of chitosan composites.
In acid pH conditions, the amino groups of chitosan form protonated amines able to retain the
metal ions or dye molecules from solutions or wastewaters. The interaction mechanisms can
be through electrostatic attractions or/and complexation.

Although there is a wide range of chitosan derivatives with adsorption properties (raw
chitosan, chitosan derivatives, chitosan composites, etc.), choosing the most suitable type of
adsorbent in pollutant adsorption processes is still developed.

Applications of Chitosan in Wastewater Treatment
http://dx.doi.org/10.5772/65289

223



This field of research has a great area for improvement, and based on a large quantity of
promising results, it is the hope that chitosan and their composites can be applied commercially
instead of only at laboratory scale.
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Abstract

Small amplitude oscillatory and steady shear measurements at 25°C were used to inves‐
tigate the rheological behavior of λ‐carrageenan solutions at pH 7.0 ± 1.0 without and 
with added sodium counterion. The dynamic moduli, G′(ω) and G″(ω), show the typical 
behavior of macromolecular solutions in which the viscous character predominates. The 
steady shear flow exhibits a Newtonian zero‐shear viscosity (η0) region followed by a 
shear‐thinning zone. Viscosity data can be well described by the Carreau‐Yasuda model. 
Without added Na+, the intrinsic viscosity, [η], and the critical overlap concentration, 
C*, are 204 dL/g and 0.21%, respectively. With 20 mmol/dm3 Na+, [η] = 14.7 dL/g and 
C* = 0.38%. For concentrations below C*, the viscous character is more sensitive to the 
presence of added Na+, and the opposite occurs when the concentration exceeds C*. The 
dynamic moduli and viscosity increase with the increase of polysaccharide concentra‐
tion, but they decrease with added Na+, confirming the polyelectrolyte nature of λ‐carra‐
geenan. Empirical shift factors were used to obtain master curves for the dynamic moduli 
and apparent viscosity for different polysaccharide and added Na+ concentrations.

Keywords: carrageenan, polysaccharides, rheology, viscoelasticity, viscosity

1. Introduction

Recently, the nondigestible polysaccharides of natural origin have received great interest 
from the perspective of human health although they have been widely used for a long time 
[1, 2]. Carrageenans are among these polysaccharides. They are nondigestible linear sulfated 
polysaccharides extracted from red algae (Rhodophyta) of the genera Chondrus, Gigartina, 
Iridaea, Eucheuma, and Hypnea [3]. They are useful in the food industry as glazing, gelling, 
emulsifying, thickening, stabilizing, wetting, and bulking agents in a wide range of processed 
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foods such as dairy products, meat, drinks, condiments, infant formula, and animal feed [3, 
4]. Carrageenans are in the list of authorized additives at the level of Good Manufacturing 
Practices [4] and should be used in sufficient quantity to act as emulsifiers, stabilizers, or 
thickeners in food [5]. The kappa and iota types of carrageenans form gels under particular 
conditions, while lambda carrageenan will not form a gel but can only be used as a thick‐
ener and stabilizer. λ‐Carrageenan is used to clarify beverages and improve the texture of 
cosmetic products as creams. It is used as a thickener in dairy products and as a stabilizer 
in water‐based systems. Also, it can act as an asymmetric selector in the separation by capil‐
lary electrophoresis of the enantiomers of tryptophan derivatives and racemic mixtures of 
beta blockers, used as medications for heart disease [6]. In particular, λ‐carrageenan oligosac‐
charides with a low degree of polymerization, e.g., λ‐carraheptose, have shown high activ‐
ity against blood vessel growth, i.e., angiogenesis, tumor proliferation, and endothelial cell 
invasion [1]. However, there is a fierce controversy because oligosaccharides with molecu‐
lar weights in the range of 10–40 kDa obtained from hydrolysis of λ‐carrageenan have been 
reported to be potentially carcinogenic [2].

The functionality of carrageenans resides mainly in their structure and polyelectrolyte 
properties that allow them to interact with other components; they are anionic polysac‐
charides highly unstable in their free acid form and are commonly commercialized as a 
mixture of sodium, potassium, and calcium salts. Carrageenans are composed of alternat‐
ing units of β‐d‐galactopyranoside linked to position 3 (G units) and α‐d‐galactopyranoside 
attached to position 4 (D units) or 3,6‐anhydrogalactose attached to position 4 (DA units). 
They form repetitive disaccharide “ideal” units, commonly called carrabioses, giving rise 
to each type of carrageenan. According to IUPAC rules, the name of λ‐carrageenan is car‐
rageenase 2,6,2′‐trisulfate (G2S‐D2S, 6S) (Figure 1). The λ‐carrageenan lacks DA units and 
has a 4C1 conformation that causes the creation of twisted zones or segments in the poly‐
saccharide chain. As a consequence, the formation of helices is not possible and gels are 
not formed but only viscous solutions. As it occurs with the other types, the solubility of 
λ‐ carrageenan depends on temperature, pH of the solvent, type, and concentration of coun‐
terions, and other solutes. λ‐Carrageenan is soluble in water at room temperature because 

Figure 1. Ideal structure of the repeating unit of λ‐carrageenans in its anionic form. G2S = 3‐linked β‐d‐galactopyranose 
2‐sulfate; D2S, 6S = 4‐linked α‐d‐galactopyranose 2,6 disulfate.
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the polysaccharide‐ polysaccharide interactions are weak [7]. Most of the early investiga‐
tions were focused on the characterization of the structure and size of λ‐carrageenan by 
infrared spectrometry, nuclear magnetic resonance, and light scattering [8–10]. The syner‐
gistic effects on the rheological properties of λ‐carrageenan combined with other polysac‐
charides, such as locust bean gum [11], whey protein concentrate [12], and inulin [13], have 
been studied in complex food systems. However, to the best of our knowledge, the different 
aspects investigated in this work for λ‐carrageenan have not been previously reported.

Rheological techniques are widely used for the characterization of products and food addi‐
tives. The variation of shear stress with shear rate or apparent viscosity with shear rate indi‐
cates if the flow behavior is Newtonian, shear‐thinning, or both. Small‐amplitude oscillatory 
tests within the zone of linear viscoelasticity (ZLV) are used to determine the variation of the 
storage modulus, G′(ω), and the loss modulus, G″(ω), with angular frequency and allow the 
viscoelasticity of the material to be characterized.

The objective of this work is to discuss the flow behavior and viscoelastic properties of λ‐car‐
rageenan in aqueous solution, without or with the addition of sodium to characterize the poly‐
electrolyte behavior of the polysaccharide, and evaluate the effect of its concentration and that 
of the counterion on these behaviors. The overlap concentrations separating the dilute from 
the semidilute regimes were also determined. The flow behavior was described with empiri‐
cal models. Shift factors for generating master curves of the mechanical spectra and flow 
curves are proposed for different λ‐carrageenan and added Na+ concentrations. These results 
are useful to understand better the thickening properties of this important polysaccharide.

2. Experimental

A food‐grade commercial preparation of λ‐carrageenan as provided by a local supplier (FMC 
Biopolymer, Mexico) was used without further treatment. Other materials included sodium 
chloride ACS reagent grade (Mallinckrodt Baker, Mexico) and deionized water. The content 
(ppm) of sodium, potassium, calcium, and magnesium ions in the commercial preparation 
of the polysaccharide, determined by atomic absorption, was Na+ = 30,863; K+ = 15,595; Ca2+ = 
972, and Mg2+ = 1882.

2.1. Preparation of λ‐carrageenan solutions

λ‐Carrageenan solutions with concentrations of 0.002, 0.006, 0.01, 0.08, 0.5, 0.8, 1.0, 1.5, and 
2.0% by weight were prepared without and with added Na+ considering the moisture content 
of the polysaccharide. The necessary amount of λ‐carrageenan to make 50 g of a solution 
was dispersed as fine rain with a vibrating spatula in the appropriate solvent at 70°C under 
magnetic stirring at 1000 rpm (Barnstead International, model Super‐Nuova SP131825, USA) 
until complete dissolution. The water that evaporated was compensated with the correspond‐
ing solvent. The solutions were stored in refrigeration at 3°C until analysis. Solutions with 
0.002–2.0% λ‐carrageenan were prepared in 0, 20, 30, 50, 70, 80, 100, 120, and 140 mmol/dm3 
NaCl. Besides, 1.5 and 2.0% λ‐carrageenan solutions were prepared in 160, 180, 200, 220, 240, 
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and 260 mmol/dm3 Na+. Only for 2.0% λ‐carrageenan, solutions with 300, 350, and 400 mmol/
dm3 Na+ were prepared too. The pH was 7.0 ± 1.0.

2.2. Ionic strength of λ‐carrageenan solutions without and with added sodium counterion

Given the anionic nature of λ‐carrageenan, the ionic strength of the aqueous environment is 
crucial. Table 1 shows the range of total ionic strength of all solutions without and with added 
Na+, the range of contribution of added Na+ to the total ion strength, the amount of sodium 
ion required to neutralize the charges in the different polysaccharide solutions, and the con‐
centration of Na+ present in the commercial preparation.

The contribution of the internal counterions to the total ionic strength becomes significant 
only for high levels of the polysaccharide. Below 0.5% λ‐carrageenan, the total ionic strength 
is practically given by the added Na+, regardless of the concentration of added Na+. Above 
0.5% λ‐carrageenan, the contribution of added Na+ depended on the concentrations of the 
polysaccharide and added Na+. The contribution of the internal counterions is always greater 
than that of added Na+ for concentrations of added Na+ ≤ 30 mmol/dm3. On the other hand, 
the Na+/λ‐carrageenan stoichiometric ratio is 4.76 meq/g. This value can be obtained con‐
sidering a molecular weight of 630.41 for the sodium salt of the repeating unit of λ‐carra‐
geenan and indicates the amount of sodium ion needed to neutralize the charges in 1 g of 
polysaccharide.

2.3. Rheometry

The rheological behavior of λ‐carrageenan solutions without and with added Na+ was deter‐
mined in a rheometer (ARES‐RFS III, TA Instruments, Delaware, USA) using the Couette dou‐
ble‐wall concentric cylinders fixture with a diameter ratio of 0.95, and 1.0 mm gap between 

CλC (%) Imin–Imax
a Contribution (%)b Na+

nc (meq) Na+
cp (meq/mL)

0.002 0.024–70.0 99.8–99.9 0.00952 2.98 × 10‐5

0.006 0.072–70.1 99.3–99.9 0.0286 8.95·× 10‐5

0.01 0.119–70.1 98.8–99.8 0.0476 1.49 × 10‐4

0.08 0.95–71.0 91.3–98.7 0.381 1.19 × 10‐3

0.50 5.97–76.0 62.6–92.1 2.38 7.46 × 10‐3

0.80 9.50–79.5 51.3–88.1 3.81 1.19 × 10‐2

1.0 11.9–81.9 45.7–85.5 4.76 1.49 × 10‐2

1.5 17.9–87.9 35.8–79.6 7.14 2.24 × 10‐2

2.0 23.9–93.9 29.5–74.5 9.52 2.98·× 10‐2

aFor 0–140 mmol/dm3 added Na+.
bFor 20–140 mmol/dm3 added Na+.

Table 1. Range of total ionic strength (mmol/dm3) of λ‐carrageenan solutions, range of contribution (%) of added Na+ to 
the total ionic strength, the amount (meq) of Na+ necessary to neutralize the charges in λ‐carrageenan solutions (Na+

nc), 
and concentration (meq/mL) of Na+ present in the commercial preparation (Na+

cp).
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cylinders. All determinations were performed in duplicate at 25 ± 0.5°C. Rheological data are 
presented as means of at least two repetitions with a standard deviation not greater than 5.0%.

The viscoelastic properties were determined by small‐amplitude oscillatory shear tests. Strain 
sweeps were run from 0.1 to 100% strain (γ) at a constant angular frequency (ω) of 6.28 rad/s 
to determine the zone of linear viscoelasticity. Frequency sweeps were done in the ZLV from 
0.1 to 100 rad/s to determine the storage modulus, G′(ω), and the loss modulus, G″(ω).

The flow properties were determined from steady angular shear tests in the range of 0.03–
300 s‐1. Flow curves (η vs. γ ) for each concentration of λ‐carrageenan and added Na+ were 

obtained. Experimental data were fitted to the Cross model [14]
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using the nonlinear regressions routines of SigmaPlot© programming software. Only regres‐
sions with r2 > 0.9960 were considered.

2.3.1. Intrinsic viscosity and critical concentration

The intrinsic viscosity was determined from the graphical representation of the Huggins and 
Kraemer equations, given by Eqs. (3) and (4), respectively,

 η η η = +  ′ 2
red [ ]k C  (3)

 η η η = +  ′′ 2[ ]inh k C  (4)

In these equations ηred = ηsp/C is the reduced viscosity and ηinh = (ln ηrel)/C is the inherent 
viscosity. The specific viscosity is defined as ηsp = ηrel‐1 and the relative viscosity as ηrel = η/ηs, 
i.e., the ratio of solution to solvent viscosities. The reduced and the inherent viscosities were 
calculated from the zero‐shear viscosity, η0. The intrinsic viscosity is determined by extrapola‐
tion to zero concentration and the corresponding constants, k' and k″, are determined from 
the respective slopes. The critical concentration, C*, was determined from the graph ηsp vs. 
C[η]0 as the point where there is a change in slope of the linear relationship between the plot‐
ted variables.

2.3.2. Master curves

Concentration‐dependent shift factors on the ordinate and the abscissa of the flow curves (η 
vs. γ ) and frequency sweeps, G′(ω) and G″(ω) vs. ω, were determined empirically to obtain 
the corresponding master curve for each added Na+ concentration and different λ‐carra‐
geenan concentrations. The 0.5% polysaccharide solution was used as a reference.

Flow Properties of Lambda Carrageenan in Aqueous Systems
http://dx.doi.org/10.5772/65785

233



3. Results and discussion

3.1. Viscoelastic behavior of λ‐carrageenan solutions without added sodium counterion

The variation with frequency of G′(ω) and G"(ω) for 0.006, 0.5, and 2.0% λ‐carrageenan solu‐
tions is shown in Figure 2. The λ‐carrageenan concentrations, 0.01, 0.08, 0.8, 1.0, and 1.5%, 
lie between 0.5 and 2.0%. The behavior displayed is characteristic of macromolecular solu‐
tions. The loss modulus is greater than the storage modulus, both depend on the angular 
frequency with a continuous rise, in the terminal zone G′(ω) α ω1.6 and G"(ω) α ω0.8, and the 
viscous character dominates. In solutions with 0.006, 0.01, and 0.08% λ‐carrageenan moduli 
overcrossed, i.e., G′ = G", at frequencies of 10.0, 15.9, and 39.8 rad/s, respectively. These over‐
crossing points separate the behavior into a region predominantly viscous in which the loss 
modulus is superior, and an elastic domain in which the behavior is governed by the storage 
modulus. The reciprocal of the overcrossing frequency, ωc, is related to the relaxation time of 
the macromolecular chains. This last time indicates the magnitude of the elastic character of 
the material. When ωc becomes larger, the relaxation time becomes shorter, and the contribu‐
tion of the elastic character diminishes.

For a given constant frequency both moduli increase with the increase of polysaccharide 
concentration, but this increase is not proportional. For example, at 10 rad/s G′(ω) increased 
50 times when the polysaccharide concentration increased from 0.5 to 2.0%, while G"(ω) 
increased 20 times. The inverse occurs when λ‐carrageenan concentration goes from 0.006 to 
0.5%; G′(ω) increases about 5 times and G"(ω) does it 30 times. Therefore, at high polysaccha‐
ride concentrations, the contribution of the elastic character becomes more significant.

Figure 2. Variation of the storage modulus, G′(ω) (full symbols) and the loss modulus, G"(ω) (empty symbols) with 
angular frequency for solutions with 0.006, 0.5 and 2.0% λ‐carrageenan without added Na+. Strains are 50, 40, and 20% 
for 0.006, 0.5, and 2.0%, respectively.
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modulus is superior, and an elastic domain in which the behavior is governed by the storage 
modulus. The reciprocal of the overcrossing frequency, ωc, is related to the relaxation time of 
the macromolecular chains. This last time indicates the magnitude of the elastic character of 
the material. When ωc becomes larger, the relaxation time becomes shorter, and the contribu‐
tion of the elastic character diminishes.

For a given constant frequency both moduli increase with the increase of polysaccharide 
concentration, but this increase is not proportional. For example, at 10 rad/s G′(ω) increased 
50 times when the polysaccharide concentration increased from 0.5 to 2.0%, while G"(ω) 
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0.5%; G′(ω) increases about 5 times and G"(ω) does it 30 times. Therefore, at high polysaccha‐
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Figure 2. Variation of the storage modulus, G′(ω) (full symbols) and the loss modulus, G"(ω) (empty symbols) with 
angular frequency for solutions with 0.006, 0.5 and 2.0% λ‐carrageenan without added Na+. Strains are 50, 40, and 20% 
for 0.006, 0.5, and 2.0%, respectively.

Biological Activities and Application of Marine Polysaccharides234

3.2. Steady flow behavior of λ‐carrageenan solutions without added sodium counterion

The variation of apparent viscosity with a shear rate and λ‐carrageenan concentration is shown 
in Figure 3. The dependence between these two quantities for a given shear rate is approxi‐
mately η α C2. The 0.002% λ‐carrageenan solution exhibits Newtonian behavior. All other 
polysaccharide concentrations exhibit Newtonian behavior at low shear rates, a transition 
zone at intermediate shear rates and shear‐thinning behavior at high shear rates. The end of 
the zero‐shear Newtonian zone is displaced to lower shear rates when λ‐carrageenan concen‐
tration increases. This behavior is typical of many polysaccharides used in the food industry 
and is closely related to the polymer‐polymer and polymer‐solvent interactions. The intrinsic 
viscosity and the overlap concentration are useful parameters to explain this behavior.

3.3. Intrinsic viscosity and critical concentration of λ‐carrageenan solutions without 
added sodium counterion

The intrinsic viscosity, [η], of a polymer is a measure of its contribution to the viscosity of a 
solution when the polymer concentration, C, tends to zero and depends on the conformation 
and molecular weight of the polymer in solution. The determination of this quantity from 
Huggins and Kraemer equations requires dilute solutions and a linear dependence of ηsp/C 
and (ln ηrel)/C with concentration. The intrinsic viscosity for λ‐carrageenan in aqueous solu‐
tion without added Na+ is around 204 dL/g. The repeating unit of λ‐carrageenan has three sul‐
fate groups. In the absence of external counterion, these groups repel each other and hence the 
polysaccharide chains are primarily unfolded. Therefore, this can explain the high intrinsic 
viscosity observed. The intrinsic viscosity is related to the hydrodynamic volume of a poly‐
mer in solution. A dimensionless quantity, called the coil‐overlap parameter, is the product of 
intrinsic viscosity and polymer concentration (C[η]0). This parameter is a measure of the total 
volume occupied by the polymer in solution [16].

Figure 3. Variation of apparent viscosity with shear rate and λ‐carrageenan concentration in the range of 0.002–2.0% 
without added Na+.
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On the other hand, the critical concentration, C*, indicates the transition from dilute to semi‐
dilute regimes and is closely related to the formation of entanglements between macromol‐
ecules. The critical concentration of λ‐carrageenan in aqueous solution without added Na+ 
is about 0.21%. Solutions with 0.002, 0.006, 0.01, and 0.08% λ‐carrageenan can be considered 
dilute. These solutions exhibit a slight shear‐thinning behavior (Figure 3); the zero‐shear vis‐
cosity decreases about 30–35% along the range of shear rate. At low shear rate, polysaccharide 
strands are in a highly extended conformation due to electrostatic repulsion. When shear rate 
increases, the strands are aligned or oriented in the direction of flow and occupy a smaller 
volume, this explains the decrease in viscosity.

Solutions with 0.5, 0.8, 1.0, 1.5, and 2.0% λ‐carrageenan are semidilute. The shear‐thinning 
behavior becomes more evident than for dilute solutions (Figure 3). In these solutions, 
polysaccharide‐polysaccharide interactions, in the form of overlaps and interlocks, become 
increasingly significant while polysaccharide‐water interactions decrease. When the chains 
are deformed, the entanglements are disturbed. At low shear rate, there is enough time for new 
entanglements to be formed and their number to remain constant over time. Therefore, vis‐
cosity remains practically constant. This phenomenon gives rise to the zero‐shear Newtonian 
region. The transition to the shear‐thinning zone occurs when the shear rate is greater than the 
rate of formation of new entanglements [16]. As a consequence, there are fewer polymer‐poly‐
mer interactions which facilitate the flow of the solution and cause the viscosity to decrease.

The rate of formation of new interactions is related to the concentration of polymer in solu‐
tion. The space occupied by the polymer and particularly the available space are related 
to C[η]0. The unoccupied space allows the chains to move freely, but when C[η]0 increases 
motion becomes more restricted. That is the reason why upon increasing the concentration 
of polymer, the beginning of the transition to the shear‐thinning region is displaced to lower 
shear rates [16].

3.4. Flow models of λ‐carrageenan solutions without added sodium counterion

The Cross and the Carreau‐Yasuda are two of the more traditional flow models. The regres‐
sion parameters of the two models for each λ‐carrageenan solution without added Na+ are 
shown in Table 2. In both models, the increase in the zero‐shear viscosity (η0) is attributed 
to the increase in polysaccharide concentration. The parameters K and λ of the Cross and 
Carreau‐Yasuda models, respectively, have the same meaning. They represent the time for 
which the shear‐thinning region appears. They are different for each model but the Carreau‐
Yasuda model describes better the start of the shear‐thinning region. The parameter n indi‐
cates the proximity to Newtonian behavior. The indirect relationship between polysaccharide 
concentration and n for the Carreau‐Yasuda model means that for a higher polysaccharide 
concentration, the flow behavior deviates from Newtonian. This behavior is not observed with 
the Cross model, and the values of n do not explain the observed shear‐thinning behavior.

The parameter a in the Carreau‐Yasuda equation indicates how long and smooth the tran‐
sition is from the Newtonian to the shear‐thinning zone. This parameter takes bigger val‐
ues for more dilute solutions, except for the 0.002% solution, in which the flow transition is 
not observed. In all cases, this change is long and smooth as observed experimentally. The 
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Carreau‐Yasuda model describes better the flow behavior of the λ‐carrageenan solutions 
without added Na+. In addition, it provides more information because it contains the param‐
eter a. However, both models have some limitations. If the experimental data do not allow the 
zero‐shear and shear‐thinning regions to be observed, the values of the parameters K, λ, and 
a will be somehow unrealistic because the models are unable to predict the beginning of the 
shear‐thinning region and its shape. It is because of this the values of the parameters for the 
0.002% λ‐carrageenan solution are less in agreement, as shown by the corresponding regres‐
sion coefficients, with experimental observations.

The power‐law model is used to describe only the shear‐thinning region. The description of 
the flow curves with this model requires the experimental data to be adjusted to Eq. [5].

 η γ −=  1nk  (5)

Table 3 shows the parameters obtained with such fitting and the good correlations obtained. 
This proficiency of the model is not surprising, but the limitations in comparison with the Cross 

Cross Carreau‐Yasuda

CλC (%) η0 (Pa·s) K (s) n r2 η0 (Pa·s) λ (s) a n r2

0.002 0.0030 0.2789 0.944 0.9879 0.0017 0.0193 0.2047 0.939 0.9883

0.006 0.0030 0.0011 0.526 0.9967 0.0028 0.0466 1.3320 0.860 0.9984

0.01 0.0044 0.0022 0.396 0.9962 0.0041 0.0415 1.7380 0.813 0.9995

0.08 0.0131 0.0019 0.189 0.9976 0.0129 0.0160 1.2420 0.734 0.9990

0.5 0.0631 0.0029 0.343 0.9997 0.0627 0.0069 0.7295 0.531 0.9998

0.8 0.1392 0.0061 0.384 0.9997 0.1377 0.0107 0.6746 0.489 0.9999

1.0 0.2414 0.0095 0.363 0.9997 0.2387 0.0225 0.7329 0.525 0.9999

1.5 0.7602 0.0305 0.408 0.9997 0.7593 0.0323 0.6028 0.413 0.9998

2.0 2.0080 0.0633 0.377 0.9998 2.0110 0.0581 0.6147 0.361 0.9999

Table 2. Regression parameters of the Cross and Carreau‐Yasuda models for different λ‐carrageenan concentrations 
without added Na+.

CλC (%) k (Pa·sn) n r2

0.5 0.1331 0.76 0.9971

0.8 0.2881 0.72 0.9955

1.0 0.5350 0.68 0.9960

1.5 1.708 0.59 0.9982

2.0 4.556 0.51 0.9987

Table 3. Regression parameters of the power‐law model for different λ‐carrageenan concentrations without added Na+.
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and Carreau‐Yasuda equations are evident. The consistency index, k, is directly related to viscos‐
ity. As the polysaccharide concentration is increased, the values of k increase, and if the behavior 
becomes Newtonian, the consistency index is the viscosity. The parameter n, called flow behav‐
ior index, has the same meaning that in the Cross and Carreau‐Yasuda models. Values close to 1 
indicate a close‐to‐Newtonian behavior. Lower polysaccharide concentrations result in a behav‐
ior closer to Newtonian, as expected and predicted by the Cross and Carreau‐Yasuda models.

3.5. Viscoelastic behavior of λ‐carrageenan solutions with added sodium counterion

Figure 4 shows the effect of added Na+ on the dynamic moduli. The ratios G′(ω)/G′0(ω) and 
G"(ω)/G"0(ω) are plotted against the total ionic strength for different polysaccharide concen‐
trations at a given angular frequency. In these ratios, G′(ω) and G"(ω) are the storage and 
loss modulus, respectively, of the solutions with added Na+, while G′0(ω) and G"0(ω) are the 
corresponding moduli without added Na+. Drastic reductions in the dynamic moduli occur 
when the total ionic strength increases. Reductions are so drastic for 20, 30, 50, 70, 80, 100, 
120, and 140 mmol/dm3 added Na+ that the dynamic moduli for solutions with polysaccha‐
ride concentrations in the dilute regime, i.e., 0.002, 0.006, and 0.01%, cannot be detected by 
using the rheometer. Only for 0.08% λ‐carrageenan dynamic moduli can be determined, and 
the characteristic behavior of macromolecular solutions in which the loss modulus is greater 
than the storage modulus is observed. The viscous character dominates and moduli depend 
on frequency. The increase in ionic strength by addition of Na+ reduced G′(ω) 39% and G"(ω) 
81%. The previous value represents an almost three‐fold reduction in G′(ω) for the same poly‐
saccharide concentration but without added Na+. This behavior illustrates the polyelectrolyte 
character of λ‐carrageenan which is responsible for the sensitivity of viscoelasticity to the 
addition of the counterion. In addition, the viscous character is the most sensitive.

Figure 4. Variation of the ratio of storage moduli with added Na+ to storage moduli without added Na+ (full symbols), 
and the ratio of loss moduli with added Na+ to loss moduli without added Na+ (empty symbols) with the total ionic 
strength for 0.08 and 0.5% λ‐carrageenan solutions (ω = 6.31 rad/s). Lines are included as a visual guide.
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After an initially noticeable decrease, the dynamic moduli remain practically constant with 
the increase in the total ionic strength, that is, for concentrations greater than 20 mmol/dm3 
Na+. On the other hand, this concentration is superior to the stoichiometric counterion/poly‐
saccharide ratio and is sufficient to screen all the charges in the macromolecule.

The effect of the total ionic strength on 0.5% λ‐carrageenan solutions can also be seen in 
Figure 4. In this case, the rate of diminution due to the increase in the total ionic strength is 
60% for both moduli in comparison with a solution with the same polysaccharide concentra‐
tion but without added Na+. Moduli decrease and then become practically independent of 
Na+ concentration. However, above 45 mmol/dm3 approximately, the moduli increase around 
10%. At this point, it is possible that ions start to compete for water associated with the poly‐
saccharide because ions are not hydrated enough as they are added to the solution which for 
0.5% λ‐carrageenan is in the semidilute regime. The addition of Na+ can lead to the formation 
of a new more elastic structure than the one observed when there is enough water to hydrate 
all molecules and ions in solution.

The effect of the increase in ionic strength on 0.8% λ‐carrageenan solutions is observed in 
Figure 5. The dynamic moduli decrease about 25–30% for 20 mmol/dm3 Na+ (Itotal = 19.5 mmol/
dm3) as compared with systems without added Na+ (Itotal = 9.50 mmol/dm3), and a minimum 
is observed when the ionic strength due to the counterions is 44.5 mmol/dm3. At this point 
G′(ω) decreases 35% and G"(ω) decreases 45%. From a total ionic strength of 44.5 mmol/dm3, 
the storage and loss moduli increased up to 86 and 65% of their values without added Na+, 
respectively. These changes mean that G′(ω) increases 21% from its low to its maximum value 
and G"(ω) increases 11%. Also, G′(ω) decreases less and recovers more than G"(ω).

For 1.0% λ‐carrageenan solutions, the diminution in the presence of added Na+ is almost 30% 
as compared with solutions without added Na+. The minimum G′(ω) occurs for a total ionic 

Figure 5. Variation of the ratio of storage moduli with added Na+ to storage moduli without added Na+ (full symbols), 
and the ratio of loss moduli with added Na+ to loss moduli without added Na+ (empty symbols) with the total ionic 
strength for 0.8 and 1.0% λ‐carrageenan solutions (ω = 6.31 rad/s). Lines are included as a visual guide.
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strength of 26.9 mmol/dm3 and decreases 27% as compared with 11.9 mmol/dm3. The mini‐
mum G"(ω) takes place for 46.9 mmol/dm3 and decreases 30% compared with 11.9 mmol/
dm3. G′(ω) and G"(ω) increase up to 103 and 79%, respectively, from these minimum values 
as compared with those without added Na+. This means that G′(ω) increases 30% and G"(ω) 
increases 7% from their corresponding minimum to maximum values. The increase in storage 
modulus is more significant than the loss modulus, so the presence of added Na+ affects the 
elastic character more than the viscous one in the semidilute regime, unlike the dilute regime 
in which the viscous character is more sensitive than the elastic one. This behavior may be 
due to the above‐stated reason, i.e., the competition between the counterions and the macro‐
molecules for water to become hydrated that occurs when the solution begins to saturate. This 
competition increases the association of the polysaccharide chains that form structures with a 
certain degree of rigidity that favors the elastic nature of the behavior.

In the case of 1.5 and 2.0% λ‐carrageenan solutions with added Na+, a respective decrease 
of 10% for Itotal = 32.9 mmol/dm3 and 7% for Itotal = 38.9 mmol/dm3 in the dynamic moduli is 
also observed in comparison with 0 mmol/dm3 Na+ (Itotal = 17.9 mmol/dm3 for 1.5% λ‐car‐
rageenan and Itotal = 23.9 mmol/dm3 for 2.0% λ‐carrageenan) (Figure 6). The λ‐carrageenan 
is a highly flexible polyelectrolyte which means that by screening its charges, the hydro‐
dynamic volume of the polymer is significantly reduced causing a corresponding decrease 
in its dynamic moduli. Although this occurs, the polysaccharide concentration is so high 
that the reduction of the moduli is smaller than the one observed for lower polysaccharide 
concentrations.

The decrease in dynamic moduli for 1.5% λ‐carrageenan solutions continues until the total 
ionic strength is 32.9 mmol/dm3. From this point G′(ω) and G"(ω) increases up to 189 and 
113%, respectively, regarding a solution with the same concentration of polysaccharide 
but without added Na+. Also, in the 2.0% λ‐carrageenan solutions, the minimum dynamic 
moduli are achieved for a total ionic strength of 33.9 mmol/dm3, and G′(ω) and G"(ω) 

Figure 6. Variation of the ratio of storage moduli with added Na+ to storage moduli without added Na+ (full symbols), 
and the ratio of loss moduli with added Na+ to loss moduli without added Na+ (empty symbols) with the total ionic 
strength for 1.5% (A) and 2.0% (B) λ‐carrageenan solutions (ω = 6.31 rad/s). Lines are included as a visual guide.
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increase to 242 and 127%, respectively, regarding the corresponding solutions without 
added Na+.

3.6. Steady flow behavior of λ‐carrageenan solutions with added sodium counterion

Solutions were also examined under steady angular shear to observe the effect of added 
Na+ on their thickening properties. Newtonian behavior with a viscosity close to 1 mPa s 
was found in the range of 6–300 s‐1 for 0.002, 0.006, and 0.01% λ‐carrageenan solutions with 
20 mmol/dm3 Na+ (Itotal ≈ 10 mmol/dm3). This behavior indicates that the ionic strength is suf‐
ficient for screening the charges of all chains and their hydrodynamic volume decreases in 
such a way that all the flow resistance of the pure solvent is not altered. The λ‐carrageenan 
concentration is low enough for available water to interact with the polysaccharide and 
added Na+. The viscosity remains constant with the increase in ionic strength to a level close 
to 70 mmol/dm3.

In the case of the 0.08% λ‐carrageenan solution with 20 mmol/dm3 Na+ (Itotal = 10.95 mmol/dm3), 
the presence of the external counterion causes a decrease of 80% in the viscosity regarding the 
same polysaccharide concentration without added Na+ (Itotal = 0.95 mmol/dm3). However, this 
polysaccharide concentration is sufficiently high for the viscosity not to drop close to that of 
the solvent. This decrease is maintained constant regardless of the amount of added Na+ as 
shown in Figure 7. In this figure, the viscosity ratio is plotted against the total ionic strength. 
This ratio is the quotient of the zero‐shear viscosity of the solution with added Na+ and the 
zero‐shear viscosity of the solution without added Na+ for the same polysaccharide concen‐
tration and a given shear rate.

Figure 7. Variation of the ratio of apparent viscosities with added Na+ to apparent viscosities without added Na+ with the total 
ionic strength for 0.08 ( γ  = 10 s‐1), 0.5, 0.8, and 1.0% γ  = 3.8 s‐1) λ‐carrageenan solutions. Lines are included as a visual guide.
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In solutions with 0.5% λ‐carrageenan, a similar behavior is observed. The viscosity decreases 
60% when the concentration of added Na+ is 20 mmol/dm3 (Itotal = 15.97 mmol/dm3), compared 
with a solution of equal carrageenan concentration without added Na+ (Itotal = 5.97 mmol/dm3). 
This decrease remains constant until the ionic strength is 55.97 mmol/dm3. Beyond this value, 
a slight increase in viscosity of about 5% is observed.

For 0.8 and 1.0% λ‐carrageenan solutions, viscosity decreases of 34 to 28%, respectively, are 
observed with the addition of 20 mmol/dm3 Na+; Itotal = 19.5 and 21.90 mmol/dm3, respectively. 
The viscosity reduction continues until a minimum is reached when the ionic strength is 44.5 
and 26.9 mmol/dm3, for 0.8 and 1.0% λ‐carrageenan, respectively. From these minimum vis‐
cosity ratios, the viscosity of the 0.8% λ‐carrageenan solutions increases linearly (r2 = 0.9983) 
with the increase in the concentration of added Na+, and recovers 96% of the viscosity without 
added Na+.

For 1.0% λ‐carrageenan solutions, viscosity increases from the minimum ratio up to 132% of 
its value without added Na+. However, this increase in viscosity is not linear (r2 = 0.9697). The 
decrease in viscosity with added Na+ highlights the polyelectrolyte property of λ‐carrageenan 
and is due to charge screening of the polysaccharide chains. In the absence of external Na+, the 
chains are highly unfolded due to electrostatic repulsion between the sulfate groups. In the 
presence of external Na+, the negative charges of the polysaccharide chain are screened, and 
a more compact conformation can be adopted. The hydrodynamic volume decreases, and so 
does the viscosity of the solution. The maximum increase in viscosity observed primarily for 
0.8 and 1.0% λ‐carrageenan solutions with the addition of more Na+, which in turn implies 
that an increase in viscosity in the shear‐thinning region is due to the presence of excess 
external Na+, i.e., additional to that necessary to screen all the charges of the sulfate groups. 
The excess Na+ is hydrated and competes with the polysaccharide for water molecules, which 
results in a decrease in polysaccharide‐water interactions and increases the polysaccharide‐
polysaccharide interactions forming semiordered and more elastic structures that increased 
the viscosity. The amount of polysaccharide in 1.0% λ‐carrageenan solutions becomes impor‐
tant. A minimum viscosity appears when the ionic strength is 26.9 mmol/dm3. Competition 
for the solvent begins probably at this point. Therefore, viscosity increases from this ionic 
strength to the extreme concentration of added Na+ for the same reason explained previously.

For solutions with concentrations higher than 1.0% polysaccharide, a different behavior 
is observed (Figure 8). The viscosity of 1.5% λ‐carrageenan solutions without added Na+ 
decreases 12% when the ionic strength is 32.9 mmol/dm3 in comparison with Itotal = 17.9 mmol/
dm3 without external Na+. That is the minimum viscosity observed.

For the 2.0% λ‐carrageenan solutions, a minimum is observed for an ionic strength of 33.9 
mmol/dm3 which corresponds to a 12% decrease (Figure 8B) regarding 23.9 mmol/dm3 with‐
out added Na+. From these minimum values, viscosity suddenly increases with increasing 
the addition of Na+. Hydration of the Na+ counterions and the formation of semiordered and 
more elastic structures might explain the growth in viscosity to 200 and 270% for 1.5 and 2.0% 
λ‐carrageenan, respectively. It is possible that for higher external Na+ concentrations (Itotal > 
87–94 mmol/dm3) more ordered structures are formed which have a greater resistance to flow 
and remain up to very high added Na+ concentrations. It is presumed that if the addition of 
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Na+ continued, a state would be reached in which precipitation of the polysaccharide chains 
would occur. It is worth noting that only the shear‐thinning region was observed, and the 
infinite‐shear Newtonian region was not observed. It is for this reason that the viscosities in 
Figure 8 correspond to a shear rate in the former zone.

3.7. Intrinsic viscosity and critical concentration of λ‐carrageenan solutions with added 
sodium counterion

The intrinsic viscosity of λ‐carrageenan in a 20 mmol/dm3 Na+ solution is 14.7 dL/g. Values 
reported in the literature are 9.5 dL/g in 100 mmol/dm3 NaCl for Mw = 614 kDa [9], and 10.8 
(Mw = 870 kDa), 9.60 (Mw = 730 kDa), 3.40 dL/g (Mw = 340 kDa) in 100 mmol/dm3 NaCl, pH 7.0 
[17]. The intrinsic viscosity of λ‐carrageenan without added Na+ decreased almost 93% with 
added Na+ (20 mmol/dm3). This reduction in [η] suggests high flexibility of λ‐carrageenan 
chains, since otherwise, the charge screening would not have been sufficient to decrease 
the hydrodynamic volume. The intrinsic viscosities were not determined for concentrations 
higher than 20 mmol/dm3 Na+ because the viscosity of solutions with lower polysaccharide 
concentrations remained practically constant, regardless of the concentration of external Na+. 
It is possible to assume that [η] of λ‐carrageenan with added Na+ is constant regardless of the 
amount of sodium ion present because in a 20 mmol/dm3 solution, the stoichiometric ratio of 
sulfate groups/Na+ is satisfied and all charges in the polysaccharide chains are screened.

The critical concentration, C*, of λ‐carrageenan with 20 mmol/dm3 added Na+ was 0.38%. This 
value is higher than that for the solutions without added Na+. This behavior means that more 
polysaccharide chains are required for overlapping to occur. This phenomenon is essentially 
due to the decrease in hydrodynamic volume of the strands and compaction from a highly 

Figure 8. (A) Variation of the ratio of apparent viscosities with added Na+ to apparent viscosities without added Na+ with 
the total ionic strength for 1.5 and 2.0% λ‐carrageenan solutions ( γ  = 9.5 s‐1). (B) Initial section of (A) corresponding to 

Itotal = 18–59 mmol/dm3 (0–70 mmol/dm3 added Na+). Lines are included as a visual guide.
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expanded form to a coiled one. The physical state of the systems can be depicted as follows. 
In the dilute and semidilute regimes, without added Na+ carrageenan chains are extended and 
stiff to some extent because of electrostatic repulsion between unscreened charges. Under an 
applied shear rate, the chains align themselves in the flow direction and overlap to a degree 
dependent on the solution regime. From 0.5% λ‐carrageenan, semidilute regime, the chains 
overlap and under the action of shear rate, they align in such a way that the shear‐thinning 
zone becomes important. In this flow region, the rate of formation of new entanglements would 
be lower than the shear rate. Therefore, the chains are oriented and isolated, which results in a 
decrease in viscosity. When Na+ is added to solutions with low polysaccharide concentrations, 
e.g., from 0.002 to 0.01%, charge screening results in a reduction in hydrodynamic volume and 
the viscosity drops practically to that of the solvent. For solutions with 0.08% λ‐carrageenan, 
the polysaccharide concentration is sufficient for the viscosity not to fall to that of the sol‐
vent. In the semidilute regime, 0.5, 0.8, and 1.0% λ‐carrageenan, the chains fold and viscosity 
decreases. Further addition of external Na+ makes cations accumulate in the medium without 
significant interaction with the polysaccharide. The effect of added Na+ on the solutions with 
1.5 and 2.0% λ‐carrageenan is different from the rest. From very low concentrations of added 
Na+, viscosity, and dynamic moduli increase suggesting the formation of a semiordered, rigid, 
and elastic structure, due to the increase in the polysaccharide concentration and counterion 
and the intermolecular interactions of the polysaccharide with water and with added Na+.

3.8. Flow models of λ‐carrageenan solutions with added sodium counterion

The Carreau‐Yasuda model describes better the flow curves of λ‐carrageenan without added 
Na+. The same happens with added Na+. However, it is not always possible to obtain proper 
fittings because, in most cases, the zero‐shear region is not observed in the semidilute regime 
or the shear‐thinning zone in the dilute regime. Table 4 shows the experimental values of the 
parameters η0 and a. However, λ and n values do not always follow the expected trend. For 
instance, in solutions with 0.8% λ‐carrageenan one might expect that as the concentration of 
added Na+ increases the non‐Newtonian behavior becomes more accentuated, and n would 

CλC (%) Na+ (mmol/dm3) η0 (Pa·s) λ (s) a n r2

0.5 70 0.022 0.018 1.426 0.82 0.9945

80 0.023 0.014 1.139 0.79 0.9994

0.8 20 0.087 0.014 0.801 0.61 0.9996

30 0.080 0.023 0.990 0.69 0.9995

50 0.077 0.021 0.931 0.67 0.9999

70 0.073 0.020 0.888 0.65 0.9998

1.0 20 0.166 0.030 0.847 0.61 0.9990

30 0.159 0.009 0.643 0.42 0.9986

1.5 20 0.658 0.046 0.691 0.47 0.9997

Table 4. Parameters of the Carreau‐Yasuda model for different λ‐carrageenan concentrations and added Na+.
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decrease progressively. On the other hand, the power‐law model cannot be applied to the 
flow curves of the solutions with added Na+ because the concavity exhibited by most of them 
in the shear‐thinning region does not allow only this model to describe the entire flow region.

3.9. Master curves for mechanical spectra and steady flow

The mechanical spectra and flow curves can be expressed with their corresponding master 
curves for a constant concentration of added Na+ and λ‐carrageenan concentrations of 0.002–
2.0%. Two empirical shift factors were determined to produce each master curve. The factor 

Figure 9. Master curves for the modified dynamic moduli as a function of the modified angular frequency for all λ‐
carrageenan solutions and different concentrations (mmol/dm3) of added Na+. The shift factors were determined as 
explained in the text. The complete range of total ionic strength is 0.024–94 mmol/dm3.
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a(C) modifies the x‐axis, ω, or γ , and the factor b(C) the ordinate axis, G′(ω), G"(ω), or η γ( ) . 

Here, (C) indicates that factors depend on polysaccharide concentration. These factors were 
determined by choosing 0.5% λ‐carrageenan as a reference. The factors applied to the curves 
are the following:
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The modulus G′ is superposed by applying a(C1) to each frequency and b(C1) to G′. The same 
procedure is followed for the loss modulus using a(C2) and b(C2). In Figure 9 the master curves 
of the dynamic moduli are presented. A proper overlapping of the loss moduli for concentra‐
tions of added Na+ in the range 0–70 mmol/dm3 is obtained along six decades of modified 
frequency. However, for higher added Na+ concentrations (80–140 mmol/dm3), the highest 
concentrations of polysaccharide show some deviation from the reference curve. This same 
behavior is observed for the storage modulus for 70 mmol/dm3 added Na+. Superposition was 
difficult for high concentrations of added Na+ (100–140 mmol/dm3). The more the values of 
tan δ = G"(ω)/(G′(ω) approach one, the more difficult is to produce a master curve for G′(ω). 
This behavior is only observed when the polysaccharide concentration is high (1.5 and 2.0%), 
but not when it is 0.5%.

The following shift factors are used to superimpose the flow curves:
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As it happens with the mechanical spectra, the factor a(C) modifies the shear rate and b(C) the 
viscosity. The reference concentration was 0.5% because it was possible to observe the zero‐
shear and transition regions together with the shear‐thinning zone. As shown in Figure 10, 
good superpositions are obtained for the flow curves from concentrations in the range of 0–70 
mmol/dm3 added Na+ along seven decades of modified shear rate. As it happens with the 
master curves for G"(ω), it is hard to superimpose the flow curves for the highest polysac‐
charide concentrations (1.5–2.0%) with appropriately calculated shift factors along thirteen 
decades of modified shear rate. It was easier to superimpose the dynamic moduli and flow 
curves when systems were in the dilute regime; without added Na+, C* = 0.21%, and 20 mmol/
dm3 added Na+, C* = 0.38%, and low concentrations of added Na+. It is possible to assume that 
for high polysaccharide concentrations (1.5–2.0%) with added Na+, the dynamic moduli and 
viscosity increase as compared with systems without added Na+ due to the entanglement 
of λ‐carrageenan chains. This behavior is not observed for the reference concentration (0.5%) 
until concentrations higher than 100 mmol/dm3 added Na+. This situation may explain the 
difficulty to superimpose the curves of such systems.
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of λ‐carrageenan chains. This behavior is not observed for the reference concentration (0.5%) 
until concentrations higher than 100 mmol/dm3 added Na+. This situation may explain the 
difficulty to superimpose the curves of such systems.
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4. Conclusion

The results of this investigation make evident the high sensitivity of λ‐carrageenan to the 
ionic strength of the aqueous environment, mainly given by the added Na+. This sensitiv‐
ity is primarily attributed to the polyelectrolyte character of the polysaccharide, but hydra‐
tion effects and competition for the solvent between the polyanion and sodium counterions 
can also play a role. The solutions of the commercial preparation of λ‐carrageenan without 
and with added Na+ are viscoelastic fluids with a dominant viscous behavior. However, with 
added Na+ the elastic character becomes more important when the polysaccharide concentra‐

Figure 10. Master flow curves for all λ‐carrageenan solutions and different concentrations (mmol/dm3) of added Na+. 
The shift factors were determined as explained in the text. The complete range of total ionic strength is 0.024–94 mmol/
dm3.
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tion increases. In the dilute regime, the viscous character is considerably more sensitive to the 
addition of Na+. In the semidilute regime, the opposite occurs as the addition of Na+ affects 
more the elastic nature. Also, with added Na+, it is possible clearly to distinguish three types 
of behaviors of the apparent viscosity and the dynamic moduli. In the dilute regime and the 
low‐concentration region of the semidilute regime, moduli decrease drastically when the total 
ionic strength increases slightly over that without added Na+ and then remain substantially 
constant regardless of the increase in the total ionic strength. In the semidilute regime for 
moderate carrageenan concentrations, the moduli reach a minimum for intermediate total 
ionic strengths and then recover when the total ionic strength increases without necessarily 
achieve their values without added Na+. Finally, in the same semidilute regime but for large 
concentrations of polysaccharide, the moduli decrease as the total ionic strength increases 
slightly over that without added Na+ and show a high recovery, which in the case of the stor‐
age moduli and the apparent viscosity significantly exceed their level without added Na+.

Considering all this evidence, the existence of different levels of structural organization of the 
polysaccharide chains together with their close interactions with them and with the solvent 
and the added Na+ mainly can be postulated. Therefore, the results presented here allow the 
polyelectrolyte behavior of λ‐carrageenan to be better understood for a significant range of 
polysaccharide concentrations under broad conditions of total ionic strength. These charac‐
teristics take relevance in the case of commercial preparations that under normal circum‐
stances are used without further treatments, e.g., separation of accompanying counterions to 
produce a particular salt form of the polysaccharide. Such purified forms are used for more 
fundamental studies and would be the next step in the investigation of the flow properties of 
the polysaccharide.
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Investigación y el Posgrado (PAIP) of Facultad de Química‐UNAM (Grant 5000‐9098).
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Abstract

This chapter reviews relevant findings regarding the activities and contributions of
chitosan in different textile processing following the varieties of process, mechanism,
and applications. Chitosan is a better candidate in both aspects of biodegradability and
efficiency instead of synthetic polymers. The technical and scientific discussions behind
the role of chitosan in all the processes and treatments have been explored in the chapter.
Over the last few years, enormous efforts and challenges are being practiced in research
and industry to design and development of eco-friendly and sustainable technologies.
Therefore, the chapter emphasizes on chitosan-based formulations of fibers, fabrics,
coatings, and functional textiles.

Keywords: chitin, chitosan, textile, fiber, fabric, antibacterial, nanofibers, electrospun

1. Introduction

The first discovery of chitin was traced by Braconnot, a French professor, in 1811 in research
on the mushroom. Later on,  Rouget discovered the solubility test  through chemical  and
thermal  treatment  of  chitin  fiber  in  1859 [1].  Ledderhose  identified the  chitin  molecular
structure,  which consists  of  glucosamine and acetic  acid,  in  1878 and Hoppe-Seyler  an-
nounced the name ‘chitosan’ of the modified chitin in 1894.

Chitin is a very common bio product produced naturally in the exoskeleton of crustaceans and
insects (spiders, shrimps, crabs, and lobster), the radulae of mollusks and the cell wall of
mushrooms, algae, and fungi. The amount of chitin produced naturally each year is 1010 ton
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of which 70% comes from oceans. Therefore, the by-product of the fishing industry is enough
to support the huge commercial demand of chitin and chitosan with a long-term potential
supply. The main advantages of using chitosan are biodegradable [2, 3], biocompatible [4, 5],
and nontoxic because it degrades as sugar after being metabolized.

Chitosan is a biomaterial which possesses the superior mechanical property and very diverse
biological activity. The chitosan-derived products have a slow-growing market for poor
reproducibility in product development. The first- and second-generation chitosans have been
used as a biomaterial and biological functionalities for wastewater treatment and agricultural
applications, but the scenario alters now. The third phase of chitosan exhibits strong relation-
ship in molecular structure-function. Up to date, studies and investigations are approaching
to understand the cellular mode of action to reveal every biological and biomedical activity of
chitosan which will open the door for new material applications. Chitin and chitosan have
very diversified use in applications (Table 1) and in the form of nanofibers, membranes, micro-/
nanoparticles, scaffolds, beads, hydrogels, and sponges. Due to the growing concern about
health, environment, and economics, enzymatic synthesize of chitosan is continuously studied
as an alternative to the hazardous process and nonspecificity for chitosan fictionalization.
Besides, the sustainability and safety in textile technology are being practiced and equipped
by innovating new process, machinery, and designs from raw materials to the end of life cycle.

Application System

Antibacterial cotton fibers Fiber-reactive chitosan derivative

Cell culture Chitosan-based nanofiber

Biodegradable and biocompatible nonwoven wound

dressing

Chitin and chitosan nanofibers [spinning solvent: 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP)]

Bioactive and biodegradable Wound dressing Dibutyrylchitin fibers

Table 1. Chitosan fibers and their applications.

2. Chemistry of chitin and chitosan

According to the chemical structure of chitin (Figure 1) and chitosan (Figure 2), they are the
modified form of cellulose (Figure 3) in which an acetamide and an amine group takes the
place of C-2 hydroxyl group, respectively. Chitosan is derived from natural chitin which
consists of N-acetyl glucosamine and glucosamine units distributed randomly in a linear
polysaccharide chain. In nature, it is very rear to exist 100% acetylated amino groups and 100%
deacetylated free amine groups. Therefore, less than 10% degree of deacetylation (DD) may
exist in chitin structure, while 40–98% DD is found for chitosan. The average molecular weight
of chitin and chitosan mainly depends on the degree of deacetylation and degree of polymer-
ization. Besides, the achieved properties from different applications and products vary
according to the two parameters. The polymorphic structures of chitin and chitosan change
due to different packing and orientation of polysaccharide chain. Every individual chain
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undergoes a full rotation along 10.1–10.5 Å of the chain axis due to the presence of chiral
glycosidic units. These units link between C-1 oxygen atoms of one unit and C-4 of the adjacent
unit in parallel and anti-parallel directions. The characterization of those structures using X-
ray diffraction and NMR spectroscopy reveals three types of allomorphs: α, β, and γ form
where a higher percentage of α form exists [6].

Figure 1. Molecular structure of chitin.

Figure 2. Molecular structure of chitosan.

Figure 3. Molecular structure of cellulose.

The physico-chemical behaviors of chitin and chitosan are quite different even though they
show many similarities in the structures. Due to the presence of acetamide group, chitin mostly
shows an inert behavior, while chitosan is highly reactive for free active amine groups. Also,
the behavior also attributes to the degree of crystallinity because chitosan is less crystalline
compared to chitin. Moreover, there are very few solvents allowing the dissolution of chitin,
whereas the chitosan dissolve in almost all aqueous acid solvents. The chitosan carries positive
charges after interacting with acid for the presence of free amino groups and dissolves at pH
≤ 6.0. Over the pH 6.0, more than 50% of dissolved chitosan molecules lose its positive charges
and become insoluble.
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3. Chitosan-based fiber production

3.1. Spinning process

3.1.1. Wet spinning

3.1.1.1. Introduction

Chitin is an acetylated form of polysaccharide. The presence of acetyl groups increases the
interchain forces and the percentage of crystallization which leads to a better dry and wet
strength compared to semi-crystallize chitosan fibers. Besides, the chitosan fibers having
higher moisture regaining property show poor performance in developing the desired
strength.

The most popular method for chitin and chitosan fiber production is a wet spinning method.
In this process (Figure 4), the fibers of chitosan are produced using viscous chitosan solution
by the extrusion process in a coagulation bath. The chitosan dissolution occurs in 1–10% acetic
acid below the pH 6, and a viscous dope is formed. It passes through a candle system filtration
unit to remove the undesired impurities and a reservoir for degassing under vacuum around
30 mbar for 5 h to confirm the complete removal of the air bubble. Then, the extrusion process
starts to obtain fibers where the extrusion chamber is comprised of a reservoir, a metering
pump, and a spinneret. The chitosan dope is extruded less than 1.5 bar pressure into a
coagulation bath. The coagulation bath contains an aqueous solution of the coagulant such as
NaOH [7], KOH [8], cupric ammonia [9], alcohol/calcium chloride/acetate [10], NaOH–
Na2SO4, NaOH–AcONa [11], NaOH-40% methanol, CuSO4–NH4OH, CuSO4-concentrated
ammonia [12], etc. The presence of tailors mentioned above chemicals acts as coagulation
retardants. In this process, the take-up rollers, drawing system, drying rollers, and winding
up are optimized according to the production rate and required properties of fibers. The excess
amount of coagulant on fiber is washed off using distilled water or aqueous methanol and
ethanol. This washing bath is also called predrying bath. Some additional physical and
chemical processes are practiced to enhance the desired mechanical property in drying
treatments.

Figure 4. A typical block diagram of wet spinning.

3.1.1.2. Solvent system

A proper selection of solvent system and coagulation bath leads to produce desired fiber
structures and properties. Many researchers have studied (Table 2) different types of solvent
systems such as dichloroacetic acid-isopropyl ether-formic acid, trichloroacetic acid, dimethy-
lacetamide-lithium chloride; a mixture of trichloroacetic acid-chloral hydrate-dichloromethane
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(DCM) is used for dissolving chitin. Besides, the pH-sensitive behavior of chitosan is very useful
in the processing of fiber. Acetic acid is efficient enough to dissolve chitosan, a simple solvent
system, especially <pH 6. Moreover, coagulation bath containing NaOH is easier to prepare and
strengthens the chitosan fibers within a short time.

Chitin dissolution (solvent system) Chitosan dissolution (solvent system)

Trichloroaceticacid (40%)-chloral hydrate (40%)-methylene

chloride (20%)

Dilute aqueous organic acid (acetic acid, formic acid)

LiCNS/Ca(CNS)2/CaI2/CaBr2 Dimethylsulfoxide/N,N-dimethylformamide (DMF)

Lithium thiocyanate p-Toluene sulfonic acid

Formic acid-dichloroacetic acid-isopropylether Guanidine hydrochloric acid-urea

Sodium N-acylchitosan xanthate [O-(sodium thio)

thiocarbonyl N-acylchitosan]-xanthate [O(sodium thio)

thiocarbonyl cellulose]

Ionic liquid, 1-butyl-3-methylimidazolium bromide

([BMIM][Br])

Table 2. Solvent system for the dissolution of chitin and chitosan.

3.1.2. Dry spinning process

The chitosan used for dry spinning [13] should have the initial concentration over the critical
concentration of chain entanglement which is equal or more than 0.5% (w/w). Acetic acid is
frequently used for the dispersion of chitosan. Similarly, the above-mentioned process is fol-
lowed up by the extrusion process. During the coagulation process, 125 ml of concentrated
ammonia (20% w/w) in the gaseous state comes in contact with chitosan monofilament. The
flow of gaseous ammonia is around 0.24 m3/h for 7.5 s based on the relation between extrud-
er and speed of the first roller around 3.4 m/min. The stretching is done by maintaining 14%
of the maximum first roller speed that produces a straight fiber line during coagulation. It is
important to maintain the speed exactly to avoid un-stretching. A second roller having high-
er speed is used to maintain a stretching ratio of 1:12 to the produced monofilament. In the
drying process (Figure 5), the hot air around 110°C is passed through a 65 cm oven, while
the air flow of 1.5 m3/h is used and the retention time of monofilament in the oven is around
10 s. Then, the chitosan fiber is treated in the wet air circulating at 25°C and water content is
55% w/w for one week before final storage [13].

Figure 5. A typical block diagram of dry spinning.
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3.1.3. Electrospun

In 1934, Antonin Formhals applied for a patent to manufacture textile yarn. The fabrication
process is called electrostatic spinning or electrospinning. The central principle of this process
is to apply an electrostatic potential to a polymer solution to overcome the surface tension
which results in the formation of the nanofibers. An external high voltage source delivers the
required electric potential in this process. The first step of the process (Figure 6) is to prepare
the chitosan solution by placing in a pipette, which is charged by a positive electrode of the
source. As a result, a repulsive force is developed that causes splitting of a charged jet from
the pendant polymer droplet at the pipette tip. The single jet splits into multiple jets due to
radial-charge repulsion which is driven electrically to the collector and neutralizes. The
multifilament fluid jet dries, while the solvent evaporates as soon as the mixture comes out of
the pipette tip. The solidified polymers are deposited in the collector.

Figure 6. A typical diagram of electrospinning process.

In this process, solvent plays the main role in the spinnability of chitosan. Many physical and
chemical properties of chitosan such as solution viscosity and conductivity affect the rheology
of chitosan fibers. Many studies have been conducted for choosing suitable solvents such as
acetic acid, dilute hydrochloric acid, formic acid [14], dichloroacetic acid, trifluoroacetic acid
(TFA), etc., for the dissolution of chitosan. The understanding of solvent-chitosan interaction
and the effect of solvent ionic strength, pH, and viscosity would help on the proper selection
of the solvent.

The main problem of chitosan is its higher viscosity at higher concentration. For example,
above 2% (w/w) of chitosan is highly viscous and loses its ability to flow. In contrast, low
concentration of chitosan does not contain enough material to obtain solid and stable fibers.
In the molecular level, every chitosan contains –NH2 and –OH groups which interact promptly
at high viscous level. Therefore, the interchain interactions are higher among the chitosan
chains at a higher concentration which results in a three-dimensional network formation and
highly viscous gel formation [15]. The trifluoroacetic acid (TFA) is a proposed solvent that
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could dissolve around 8% of pure chitosan which is perfectly spinnable. A mixture of TFA and
dichloromethane provides fibers in a range of 200–650 nm diameter [16].

3.2. Mechanical properties of fibers

The electrospinning process provides nanofibers for nonwoven. The diameter of fibers,
uniform deposition at the nanolevel, thickness of the fibers, and bead formation are essential
to validate a process. Concerning these morphological and structural properties, the tensile
strength and tenacity are crucial parameters to quantify the quality of chitosan fibers. The
chitosan fiber was obtained with 82 g/denier modulus of elasticity while 2 g/denier tenacity at
a final dry jet stretching ratio of 3.7 [17]. Besides, chitosan fiber having the dry tenacity of 2.1
g/denier was obtained by the wet spinning process [8]. Ionic liquid, [Bmim]Cl (1-butyl-3-
methylimidazolium chloride), is used as a solvent for the fabrication of the pure chitosan fibers
by both wet and dry-wet processes. The dry fiber exhibits the strength and modulus at 1.5 and
71 cN/dtex, respectively, for the wet process, while 2.1 cN/dtex and above 3.5 cN/dtex are,
respectively, found for the dry-wet process. The results are attributed to the orientation of the
crystallites, which is increased by 40% due to the dry-jet-stretched ratio and inter-fibrillar
amorphous zone restricting the inter-fibrillar sliding that causes plastic deformation [17].
Moreover, the polymorphism and crystallinity of chitosan membrane depend on the used
solvent, the processing conditions, the form of dry or wet [18]. Synchrotron X-ray diffraction
experiment confirms two types of allomorph existing in chitosan—tendon and annealed
forms [17, 18]—depending on stretching ratio. In addition, the chitin fibers are also influenced
by its polymorphism; α-chitin is profoundly hard, while β- and γ-chitin show superior quality
on toughness and elasticity [19]. A very poor tensile strength is observed for the chitosan fibers,
which are obtained after spinning process and exist in wet condition. Different processes are
applied to improve mechanical strength such as epichlorohydrin in coagulation bath, gluta-
raldehyde in posttreatment, phosphate and phthalate ions containing the solution.

Physical, chemical, and mechanical characters of chitosan fibers and the ability to build in
different forms facilitate chitosan nanofibers for the filtration process, for example, metal and
dyes separation from water [20, 21], capturing of virus in air [22], etc. In addition, the techno-
logical developments in textile processing associated with chitin and chitosan would impact
on reinforcing microfibers composite [23], dressing for wound skin [15, 24–26], carrying and
delivering drugs [22, 27], tissue engineering [15, 28–30], vascular grafts [31], etc.

3.3. Chitosan blends for electrospinning process

Apart from the pure chitosan processing, many studies have reported on mixtures of chitosan
with different polymers such as polyvinyl alcohol (PVA) [32], polyacrylamide [33, 34],
polyethylene oxide (PEO), polyacrylonitrile (PAN) [35], caprolactone [14], and Zein (an agro-
based protein) [36] to modify the chitosan solution property and facilitate the spinnability by
easy flowing through the capillary tip. For example, the viscosity of chitosan solution decreases
with the increasing amount of PEO. The main reasons for the change in viscosity is the
reduction of intra- and intermolecular attraction among the chitosan chains and the formation
of new bonding of PEO with the backbone of chitosan. The presence of PEO on chitosan
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structure interferes the intra- and intermolecular association, while new hydrogen bonds are
formed between –OH group of chitosan and water. It results in a drastic reduction in the
viscosity of chitosan solution [15]. Furthermore, PVA also facilitates interaction with chitosan
in molecular levels that restrict the intra- and intermolecular interaction among chitosan chains
and provide a better spinnable solution [16]. Moreover, inorganic nanoparticles such as sodium
chloride, potassium chloride, or ions such as calcium and iron are used in doping chitosan in
the electrospinning process [33]. The metal ions also help to break down the intra- and
intermolecular hydrogen bonds and reduce the viscosity of chitosan solution that would
enhance the chain entanglements. As a result, lower number of beads and reduced diameter
of fibers are obtained from chitosan electrospinning process [33]. Some processes of chitosan
blends and mechanical properties have been demonstrated below.

3.3.1. Nylon-6/chitosan blends fiber

Two solvents, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and formic acid at a ratio of 90/10, have
been used to dissolve nylon-6 and chitosan for the electrospinning process. The total weight
of polymer has been maintained 6% by varying the concentrations of both polymers. The
similar electrospinning (Section 3.1.3) process has been operated at room temperature [37]. The
properties of the blend fibers depend on the blending weight ratio. The increased amount of
chitosan increases the functional sites for capturing water molecules. A unique molecular
interaction between nylon-6 and chitosan is formed due to developing a hydrogen bond which
affects the mechanical property of the blend fibers. The tensile strength and crystallization
behavior decrease due to the formation of an amorphous polymer during the electrospinning
process. For example, 25% of chitosan in the blends shifts the melting point at 258.1°C, while
pure nylon-6 exhibits the temperature at 268°C [37].

3.3.2. Chitosan-agarose blend fibers

Chitosan and agarose, one kind of red algae, are dissolved in a mixture of solvents, trifluoro-
acetic acid (TFA) and dichloromethane (DCM). The polymer has been maintained at 7%, while
the solvent ratio between TFA and DCM is 7:3. In the electrospinning process, the operating
electrostatic potential is 15 kV/12 cm and the solution flow rate is 0.5 ml/h. The blending
contents of 30 and 50% agarose provide fibers with smooth and uniform surfaces. The main
advantage of blending of chitosan and agarose is the production of nanosized fibers. The
achieved fiber diameter is 520 ± 35 nm and 140 ± 9 nm for using 30 and 50% agarose, respec-
tively. Besides, the pure chitosan fibers from electrospinning process exhibit around 1.76 ± 0.59
µm in diameter [38].

3.3.3. Poly lactic-co-glycolic acid (PLGA)-chitosan-PVA blends

The PVA and chitosan are dissolved in 2 wt.% acetic acid separately and blends at a ratio of
60:40. The mixture is used for the electrospinning process. Besides, PLGA of 6 wt.% is dissolved
in a mixture of solvents, tetrahydrofuran (THF) and N,N-dimethylformamide (DMF). The
electrospinning process is modified by adding an extra tip or syringe parallel to another tip
for holding two polymer solutions separately. The collector collects the spinning fibers from
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structure interferes the intra- and intermolecular association, while new hydrogen bonds are
formed between –OH group of chitosan and water. It results in a drastic reduction in the
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both tips. In this process, chitosan/PVA and PLGA solutions are used separately in these tips
and run the electrospinning process. The tensile strength values of three different electrospun
nanofibers—PLGA, chitosan/PVA, and PLGA-chitosan/PVA—achieved by electrospun are 7.3,
4.3, and 2.6 MPa, respectively. The reason behind the result is no interaction present between
PLGA and chitosan/PVA. Besides, PLGA-chitosan/PVA and chitosan/PVA nanofibers are
crosslinked separately using 25% glutaraldehyde. The tensile strength of crosslinked PLGA-
chitosan/PVA is found higher compared to uncrosslinked nanofibers. In contrast, the cross-
linked chitosan/PVA nanofibers have lower tensile strength than that of uncrosslinked
nanofibers. In the case of crosslinked PLGA-chitosan/PVA, some bonds are formed after
crosslinking with glutaraldehyde [39].

4. Chitosan-based textile processing

4.1. Chitosan: a sizing and desizing agent for textile pretreatment

Sizing is the conventional process of fiber pretreatment for the resistance of warp breakage
caused by highly stressed weaving process. In general, a sizing agent adheres to the surface
of yarn and forms a coating. It provides the required strength and hydrophilicity for a
successful weaving process. Polyvinyl alcohols and acrylics including all synthetic sizing
agents need to be washed out at the end for a smooth finishing process, to avoid complications
in the subsequent steps of fibers or fabric treatment. Chitosan is a better candidate in both
aspects of biodegradability and efficiency, while synthetic agents are not. Chitosan is soluble
in pH less than 6.0 since the pKa is 6.5 where more than 50% of chitosan molecules deproto-
nated and become insoluble.

Chitosan is hydrolyzed by concentrated hydrochloric acid 0.1 N [40], 0.2 N [41], 0.5–1 N [42]
at high temperature (30–90°C) to achieve soluble chitosan which exhibits lower apparent
viscosity. The temperature is associated with the activation energy, which catalyzed the
hydrolyzing action of HCl. Besides, the content of nitrogen reduces from 7 to 6.5% since the
hydrolysis of chitosan continues around 60 min. It attributes to chain scission at 1–4 glycosidic
bonds of chitosan for the regular attack of concentrated HCl resulting in the lower molecular
weight. In addition, the dissolution of short chain chitosan shows lower and stable apparent
viscosity to 110 MPa s after 60 min probably due to the retention of crystallinity after degra-
dation. The conformational change is attributed to the result of a transformation rod to coil
transition [40]. In general, the sizability and desizability processes are expressed as size add-
on and removal percentages, respectively. The add-on proportion of size mainly depends on
the apparent viscosity and the solid content of size materials in the liquor. The tensile strength
is found higher after drying the size coating by heat treatments, while the elongation at break
decreases significantly. The effects attribute to the diffusion and deposition of the size materials
in the fiber thread which increase the brittleness and rigidity. On the other hand, the removal
efficiency of hydrolyzed chitosan is found 100% only with water at 90°C. Carboxymethylated
chitosan, a modified form of chitosan, is readily soluble in water at neutral pH and could be
used as sizing agent [42]. On the other hand, in combination with wax or starch by an extrusion
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process, a form of sizing agent is obtained [43]. The viscosity of chitosan solution increases
with increasing chitosan concentration and limiting its performance as sizing agent arises from
the high viscosity of chitosan at room temperature above 2% in the acidic medium. Carboxy-
methylated chitosan is achieved via hydrolysis using 0.5 N hydrochloric acid at a minimum
of 90°C for 2 h. The NaCO3 is used for the neutralization, and then, the filtration with washing
is necessary for removing the sodium chloride salt. The final form is used as sizing agent [42].
Apart from the carboxymethylated chitosan, the addition of wax with the modified chitosan
provides a reduction in surface tension which results in improved wetting property including
adhesion behavior of modified sizing agent [43]. The viscosity is reduced by 0.5% of pure
chitosan after the small proportion of wax addition. Moreover, the sizing film also reduces the
friction between metal and fibers resulting in the better performance in the weaving process.
Some modified chitosans such as N-[(2-hydroxy-3-trimethyl ammonium) propyl] chitosan
chloride (HTACC) and N-[(4-dimethyl aminobenzyl)imino] chitosan (DBIC) have been
developed for better performance of solubility and pretreatment of polyester fabric [44].

4.2. Chitosan: an auxiliary in textile dyeing process

The dyeing process is a major step in fabric processing, especially for consumer esthetic test.
In this process, dye molecules diffuse and interact with functional sides of fibers or fabrics.
Therefore, various types of fibers or fabrics made of cotton [45], polyester [46], rayon [46],
nylon [47], wool [48, 49], silk [50], and composites [51] are processed using different functional
dyes such as sulfur dye, vat dye [46], reactive dyes [45, 46, 52–54], etc. Therefore, the meth-
odological variations are found based on dyes and fibers/fabrics such as Jig dye, Pad dye, and
Jet dye [46] for the dyeing process. All methods require quite high energy, large amount of
water and salts until the dye molecules distribute and diffuse uniformly. In addition, these
processes release a high amount of complex effluents containing all chemicals together.
Therefore, the loss of untreated dye and salt and highly efficient effluent treatment all have
very high equivalent cost. Moreover, the drawbacks also impact on aquatic environment-
related health. The use of chitosan or modified chitosan has beneficial effects on dyeing process
which reduces the amount of untreated dye in the bath without using any salt. As a result, a
simple effluent treatment would be enough to process released effluent from dye house.

In the dyeing process of cotton fibers or fabrics, reactive dyes are the mostly used due to its
better-wet fastness, brilliance, hue variability, easy processability, and applicability [55]. In
addition, reactive dye molecules form covalent bond through reaction with hydroxyl groups
of cellulose via nucleophilic addition or substitution reaction. In general, reactive dyes and
cotton fabrics or fibers hold anionic groups which affect the reaction due to charge repulsion
in the dye bath. As a result, large quantities of salts are used for the screening of charges in
dying process. A comprehensive and comparative optimization process studies have been
conducted by Ramadan et al. [56] regarding dyeing treatment of chitosan-treated cotton
fabrics. A cotton fabric is immersed in an aqueous solution of 2% chitosan and 50 mg/100 ml
sodium periodate (NaIO4). The liquor ratio is maintained at 1:50 for 60 min when the dye bath
temperature is kept constant at 60°C. The treated cotton fiber is washed with 1% aqueous acetic
acid solution and rinsed with water for several times, and the drying temperature was
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maintained at 60°C. Two steps are followed for the fabric treatment with chitosan to compare
the dyeing and mechanical properties of the treated fabrics. The underlying mechanism of the
process is to create aldehyde groups in the molecular structure of chitosan at C1 through the
action of NaIO4. In addition, C3 and C4 positions hold secondary hydroxyl groups; position
C6 contains primary hydroxyl and C2 holds the amino groups. Moreover, the chain scission
occurs at C3, C6, C2 positions and 1–4 glycosidic linkage under the attack of oxidizer [57]. The
IR analysis confirms the presence of aldehyde and carboxyl groups in the molecular structure
of treated cotton, which interacts with chitosan strongly. There is a possibility to degrade the
fabrics due to oxidizing, but the presence of chitosan may reduce this drawback. The presence
of chitosan also protects the fabric from degradation against the attack of the oxidizer and
maintains similar mechanical properties (i.e., tensile strength, elongation at break) to the
untreated bleached fabric [56]. In addition, highly soluble, uniform structure, low viscous, and
better film-forming chitosan is achieved from the fragmented chitosan [58].

In the second step, the dyeing process is conducted using the dried cotton fabric in 1% reactive
dyes while 5% sodium chloride in a liquor ratio of 1:50 at room temperature. The temperature
of the dye bath is increased at 60°C and left it to be stable for 45 min. After the process, the
fabric is rinsed with water for several times and treated with 1% wetting agent using a liquor
ratio of 1:50 for half an hour at 60°C. Several washes are required using hot and normal water
after the treatment and dried at room temperature. The enhanced color yield (K/S) is observed
compared to the untreated fabric due to the Coulombic attractions between positively charged
cotton surface modified by chitosan and anionic dye molecules (reactive and acid).

4.3. Chitosan: a binder in printing process

Fabric printing process requires a dye or a pigment, a binder and thickener. The main function
of binder is to maintain a stable viscosity, enhances the droplet formation, provides adequate
adhesion to the textile surface by forming a film, and binds the color or pigment molecules. In
the industrial application, most of the binders are synthesized from styrene-butadiene, or vinyl
acetate-acrylate copolymers or styrene-acrylate. Very few researchers have conducted experi-
ments on using chitosan as binder and thickener due the weak performance compared to
commercial binders. In the first step of preparation, 3% (w/w) chitosan solution is prepared
using preferred amount of water and acetic acid. The pigment is added to the solution and
stirred to achieve a 3% homogeneous pigment paste for printing. In the case of poor dispersion
of pigments, the amount of acetic acid is increased. Additionally, a very high amount of
chitosan (≥3%) in acetic acid generates very highly viscose solution. The achieved properties
of the process exhibit lower efficiency and effectiveness of chitosan as a binder compared to
the commercial Alcoprint pastes (BASF). The tendency of yellowing is higher after the
treatment with increased amount of chitosan and the increase of the curing temperature.
Moreover, same process parameters in different batches show variation in yellowing propen-
sity. Furthermore, a share thinning property is exhibited by chitosan solution when the
viscosity is measured. Besides, the viscosity is lower than commercial Alcoprint pastes (BASF)
when the share rate is less than 50 per s. In contrast, almost similar viscosity profile is found
at higher share rate, but yield point is lower than the commercial paste. It indicates that the

Chitosan-Based Sustainable Textile Technology: Process, Mechanism, Innovation, and Safety
http://dx.doi.org/10.5772/65259

261



required force or stress of the chitosan to start flowing is very low. Besides, the wet pick-up
ratio of chitosan solution is 75%, while the commercial paste shows 85%. It results in 50% less
color strength using chitosan solution after the determination of K/S values. It probably
attributes to the aggregation of colorant in the chitosan solution where the dispersion is tough
to maintain. In addition, the bending length and stiffness are higher for chitosan-used printed
fabric compared to Alcoprint pastes, the commercial one. Eventually, the wash fastness and
spreading behavior are not significantly different between chitosan and commercial tested
binders [59].

4.4. Chitosan: a finishing agent for durable press for textile

The cotton fabric is hydrophilic due to a high amount of hydroxyl groups. Therefore, the cotton
cellulose becomes flexible and exhibits lower crystallinity when it is swelled. A plastic
deformation occurs due to the shifting of cellulose molecules during washing treatment. It
results in shrinkage and wrinkles of fabric. For overcoming the problem, the crosslinking agent
is used to increase the elasticity and prevent the displacement of cellulose which reverses the
plastic deformation. Chitosan exhibits similar molecular structure to cellulose and would be
applied to cotton finish. During this process, chitosan is fragmented by oxidizing agent such
as hydrogen peroxide (H2O2). The fragmentation process is carried out using a mixture of
hydrochloric acid and chitosan. After 30 min of stirring, hydrogen peroxide is added with an
increased temperature of 60°C for 2 h. A vacuum filter is used for the separation of two phases.
The residue is washed with water to neutralize, and the filtrate is mixed with ethanol to
precipitate the chitosan for 24 h. All precipitates are dried and stored in airtight container. The
main application of the fragmented chitosan is to develop durable press finishing process on
fabric. In this process, the fragmented chitosan is added to distilled water and stirred until it
dissolves completely. The finishing agent contains 8–10% (w/w) dimethyloldihydroxyl
ethylene urea (DMDHEU), 0.8% MgCl2, required amount of softener, and the fragmented
chitosan solution. The fabric is then immersed in the finishing solution maintaining a pick-up
ratio of 80%. The treated fabric is preheated at 80°C for 5 min and then cured at 150°C for 3
min [60].

The fragmentation of chitosan chain facilitates its diffusion into the fabric to form a network
with fibers that results in increased recovery angle. The curing time and temperature have a
significant effect on the result of final wrinkle property of fabric.

4.5. Chitosan: an antistatic finishing agent on textile

Static surface charge is developed on polymers due to very less amount of moisture content.
Moreover, the electrical conductivity is also an important factor on developing static charge
along the synthetic filament through a mechanism induced by an electric field. Therefore,
antistatic chemical compounds influence the propensity of accumulating static charges by
aborting the production of electrostatic charges or by enhancing the electrical conductivity or
by both mechanisms. Chitosan can hold in high moisture content regardless the extent of
humidity that opens the opportunity to apply chitosan as an antistatic finishing agent on textile
surface. In general, the polymers show the resistance of specific electrical resistance in the order
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of 1016 Ω cm that is very close to the value of a good insulator. On the other hand, deionized
water exhibits a magnitude that is 108 times lower than that of polymers but mineral water
show 103 times higher electrical conductivity compared to pure water. Therefore, chitosan-
treated fabrics enable to absorb a very significant amount of water from the atmosphere after
exposure to the humid environment and result in the increase in electrical conductivity
following the lower propensity to produce static charges. Chitosan having excellent moisture
content property is an excellent antistatic agent [61]. Antistatic fabric is developed by fixing
the chitosan on the fabric. In the fixing process, butane-1,2,3,4-tetracarboxylic acid (BTCA) is
used in the presence of the catalyst, sodium hypophosphite (SHP). Chitosan (1% w/v) disso-
lution in acetic acid (1%) is the first step of the process. Liquor is produced by the addition of
6 g BTAC and 6 g SHP in the chitosan solution. A sample of fabric is then immerged into the
liquor and padded to maintain wet pick-up ratio 100%. The treated fabric is required to dry at
80°C for 5 min, and the curing process is done at 140–170°C for 5–20 min according to the final
finish of the fabric. At the end of the process, the temperature of the fabric decreases at room
temperature and it is washed with acetic acid for removing extra chitosan. It is then washed
again with deionized water and dried by air. The qualitative and quantitative analyses are
done by potentiometer and compared with the untreated fabric. Another study has been
carried out for the antistatic fictionalization of PET film and fabric by applying oligochitosan.
The processes are almost similar except the drying and curing temperature and time. In the
later process, drying temperature is maintained at 70°C for 1 h and the curing process is done
at 110°C for 30 min [62]. A new N-substituted quaternary ammonium chitosan derivative
facilitates for the utilization of antistatic functional textile. The chitosan derivative is synthe-
sized through the N-alkylation of 4-formayl-N-methylpyridinium iodide and [3-(4-formyl-
phenoxy)propyl]trimethylammonium iodide [63].

4.6. Chitosan: an antimicrobial agent for textile

Innovative ideas are in practice to develop a new form of chitosan for improving the efficacy
of conventional chitosan applications in textile. Chitosan-treated fabrics and fibers are used
for the production of antibacterial fabrics for working environment such as a hospital,
biotechnology research lab, cosmetics, fundamental industries, and so on. The charged amino
group of chitosan interacts with the cell wall of microbes that causes degradation of protein
and intracellular constituents. It also affects the permeability of essential nutrients by altering
the cell membrane and causes their death finally [64]. For example, chitosan exhibits direct
interaction with the cell wall of Aspergillus niger. As a result, a controlled fungal growth and
delays in the spore germination occur.

Despite having the potential as antibacterial property, it requires, at a high concentration, for
desired efficacy without having any release property in bandage, sutures, etc. The innovation
in synthesis, production, and application leads to form nanosized chitosan that could be
beneficial for the presence of high amount of active sites available due to the large amount of
surface area. In general, a single antibacterial agent has some limitations to perform against
both gram positive and gram negative including a broad range of microbes. Therefore, the
combination of chitosan and other antibacterial components such as silver has gained more
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and more attention to fight against large varieties of the microbe by focusing on easier the
synthesis and highly efficient in the application [65]. For example, chitosan and silver particles
both are used for the synthesis of chitosan-silver nanoparticles which provide excellent
antibacterial property on textile application. The application of chitosan and its derivatives on
fabric/fiber is followed by the covalent crosslinking into cellulose or wool substrates. The
durable press finishing is one of the conventional processes to fix chemicals on fiber surface
that also enhances the quality of textiles such as low-shrinkage capacities, anti-odor, wrinkle
resistance, and antibacterial properties. For this purpose, a suitable crosslinking agent is
required. It should be nontoxic and nonirritating during the use and storage; nevertheless,
formaldehyde is one of the mostly used compounds and presents the limitation in those aspects
due to its spontaneous toxic vaporization [64]. There are some other crosslinkers such as
glutaricdialdehyde, butane tetracarboxylic acid, citric acid (CA), potassium permanganate,
and sodium hypophosphite that form the covalent bond between chitosan and the cellulose
fabrics by an ester bond.

A high intensity of UV lamp at a wavelength of 254 nm is applied to the raw fibers and exposed
for 4 h before the crosslinking treatment. The content of chitosan is 40% less in the final treated
fiber compared to the raw fibers without UV irradiation before the treatment with chitosan. It
usually changes the surface polarity of fibers via photooxidation and forms active carboxylic
groups by photodestruction of glycosidic bonds and rings. The fixation of chitosan with UV-
irradiated cellulose fiber is more stable than the raw fibers according to the thermogravimetric
analysis. In this process, a fixed amount of chitosan and NaH2PO4 is mixed in distilled water.
Then, citric acid (CA) is added to the aqueous solution as an acidifier and crosslinking agent.
The process could be carried out excluding NaH2PO4 based on the requirement of mechanical
properties. The raw cellulose fibers are dipped in the solution and raised the temperature at
70°C in the pH range from 3.8 to 4.1. The pH is not recommended over 4.5 to perform the
crosslinking reaction and avoids fibers deterioration. The treatment continues for 5 min, and
fibers are removed for curing at 130°C up to 3 min. After the curing process, the samples are
dried at room temperature under vacuum, before rinsing with distilled water and washing
with acetic acid to remove the excess unreacted chitosan. The treated samples are rinsed again
with distilled water and dried at room temperature under vacuum until to reach a stable mass.

The mechanism involved in the process follows two steps. In the first step, the crosslinking
reaction between cellulose and polycarboxylic acid/CA takes place by the formation of
carboxylic anhydride. In the second step, the rings open to react with the polysaccharide
through the alcohol groups and form the ester bond. The use of maximum 2.3 w/w%
NaH2PO4 accelerates the fixation through esterification due to the presence of the phosphate
and the partial sodium salt of the polycarboxylic acid. The increased amount of NaH2PO4

affects the chitosan loading with fibers due to the neutralization of free carboxylic groups and
inhibits esterification of the hydroxyl moieties present in chitosan. The unreacted amino
moieties act as active antibacterial property.

Sustainability requires a process safer in terms of raw materials and finished products
excluding any toxic by-product. In this aspect, reference [64] proposes UV radiation for

Biological Activities and Application of Marine Polysaccharides264



and more attention to fight against large varieties of the microbe by focusing on easier the
synthesis and highly efficient in the application [65]. For example, chitosan and silver particles
both are used for the synthesis of chitosan-silver nanoparticles which provide excellent
antibacterial property on textile application. The application of chitosan and its derivatives on
fabric/fiber is followed by the covalent crosslinking into cellulose or wool substrates. The
durable press finishing is one of the conventional processes to fix chemicals on fiber surface
that also enhances the quality of textiles such as low-shrinkage capacities, anti-odor, wrinkle
resistance, and antibacterial properties. For this purpose, a suitable crosslinking agent is
required. It should be nontoxic and nonirritating during the use and storage; nevertheless,
formaldehyde is one of the mostly used compounds and presents the limitation in those aspects
due to its spontaneous toxic vaporization [64]. There are some other crosslinkers such as
glutaricdialdehyde, butane tetracarboxylic acid, citric acid (CA), potassium permanganate,
and sodium hypophosphite that form the covalent bond between chitosan and the cellulose
fabrics by an ester bond.

A high intensity of UV lamp at a wavelength of 254 nm is applied to the raw fibers and exposed
for 4 h before the crosslinking treatment. The content of chitosan is 40% less in the final treated
fiber compared to the raw fibers without UV irradiation before the treatment with chitosan. It
usually changes the surface polarity of fibers via photooxidation and forms active carboxylic
groups by photodestruction of glycosidic bonds and rings. The fixation of chitosan with UV-
irradiated cellulose fiber is more stable than the raw fibers according to the thermogravimetric
analysis. In this process, a fixed amount of chitosan and NaH2PO4 is mixed in distilled water.
Then, citric acid (CA) is added to the aqueous solution as an acidifier and crosslinking agent.
The process could be carried out excluding NaH2PO4 based on the requirement of mechanical
properties. The raw cellulose fibers are dipped in the solution and raised the temperature at
70°C in the pH range from 3.8 to 4.1. The pH is not recommended over 4.5 to perform the
crosslinking reaction and avoids fibers deterioration. The treatment continues for 5 min, and
fibers are removed for curing at 130°C up to 3 min. After the curing process, the samples are
dried at room temperature under vacuum, before rinsing with distilled water and washing
with acetic acid to remove the excess unreacted chitosan. The treated samples are rinsed again
with distilled water and dried at room temperature under vacuum until to reach a stable mass.

The mechanism involved in the process follows two steps. In the first step, the crosslinking
reaction between cellulose and polycarboxylic acid/CA takes place by the formation of
carboxylic anhydride. In the second step, the rings open to react with the polysaccharide
through the alcohol groups and form the ester bond. The use of maximum 2.3 w/w%
NaH2PO4 accelerates the fixation through esterification due to the presence of the phosphate
and the partial sodium salt of the polycarboxylic acid. The increased amount of NaH2PO4

affects the chitosan loading with fibers due to the neutralization of free carboxylic groups and
inhibits esterification of the hydroxyl moieties present in chitosan. The unreacted amino
moieties act as active antibacterial property.

Sustainability requires a process safer in terms of raw materials and finished products
excluding any toxic by-product. In this aspect, reference [64] proposes UV radiation for
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generation of reactive sites on chitosan that can fix many compounds through crosslinking
without using any toxic chemical compounds.

Moreover, the antibacterial colloid is prepared by blending chitosan and AgCl–TiO2 at a ratio
of 1:5. A cotton fabric is dipped, and a padder is used to nip the treated fabric as though 70%
pick-up ratio is achieved. The predrying temperature is maintained at 120°C and run for 2 min.
Subsequently, a curing process is done at 150°C for 3 min. The tensile strength and bending
length of chitosan-treated cotton fabric enhanced with the increasing of chitosan concentration.
It affects the stiffness of the treated fabric by increasing the value. Moreover, chitosan-treated
cotton fibers exhibit lower whiteness index (WI) with the increase in chitosan concentration
from 1 to 5 g/L. The degree of WI is found six times lower than that the concentration of 5 g/L
[66]. Modified chitosan is also used for the hydrophobic drug delivery [67].

4.7. Chitosan: a flame and fire retardant material for textile

Flame retardant textiles are highly recommended, especially where the working environment
is highly concerned regarding fire or flame. The flame retardant property is considered when
the flame is not permitted to propagate and extinguished at the same time of withdrawing the
fire source. Phosphorus-based materials are interesting and well known as flame retardant due
to low toxicity and absence of halogen compounds. These materials are quite efficient as a
flame retardant for cellulose and its derivatives through dehydration and char production. In
phosphorylation process, cellulose is treated with diammonium phosphate in the presence of
urea.

Chitosan could be paired with phosphorous derivative to build an intumescent flame retardant
compound. Chitosan is a nitrogen-containing polysaccharide, biodegradable, biocompatible,
and environmentally nontoxic. It provides a char-forming property when it is used as intu-
mescent additives due to its hydroxyl and amino groups on molecular skeleton. In addition,
it functions as blowing agent and releases nitrogen as a result of molecular destruction.
Therefore, a potential nitrogen-phosphorous bonding could be established as flame retardant
materials. Chitosan-based flame retardant materials have been designed by chitosan-phytic
acid [68], chitosan-sodium polyphosphate [69], chitosan phosphate (chitosan-orthophosphoric
acid) [70], chitosan phosphate-nickel [71], chitosan melamine phosphate (chitosan-melamine-
sodium hexametaphosphate) [72], chitosan-diammonium hydrogen phosphate [73], etc. It is
expected that the presence of ammonium nitrogen in chitosan would provide the synergistic
effect with phosphate groups against flame or fire [74]. The preparation of chitosan phosphate
has been conducted using many processes. For example, 23 g chitosan has been added to a
solution that contains urea (40 g), phosphoric acid (40 ml), and dimethylformamide (350 ml)
at 100°C for 5 h. At the end of the process, the product is filtered and washed with isopropyl
alcohol (50%) and dried at 60°C. In this process, a commercial resin, knittex FLC, has been
provided by Ciba-Geigy (Switzerland). The resin allows the capturing of phosphate by
crosslinking and by forming a network to fix the chitosan with cellulose. In addition, the
increased amount of resin concentration (2–8%) leads to a reduction in tensile strength (140–
114 kg) and elongation at break (21–15%). In contrast, the tensile strength and elongation at
break increase for using a higher concentration of chitosan phosphate. It also guides to increase
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the amount of phosphate (0.095–0.314%) content in the coated fabric and shows higher residue
contents by releasing very less volatile components compared to untreated fabric. A compen-
sation effect works between the concentration of chitosan phosphate and resin. The cotton
surface treated with 8% chitosan phosphate and 6% resin shows 36.557% residue, while the
decomposition temperature is reduced by 25°C compared to the untreated fabric [70].

Furthermore, apart from a reaction mixture, layer-by-layer (LBL) deposition processes are also
examined for developing a nanolayer formation [68] on substrate or fabric. In this process, the
solution of chitosan is prepared using HCl and phytic acid salt (2 wt.%) in deionized water.
The branched polyethyleneimine (1 wt.%) is used to increase the adhesion of cotton fabric as
a primary layer. The fabric is dried and dipped sequentially in positively and negatively
charged solutions. The process continues up to desired level of the bilayer to achieve effective
layers for flame retardancy. After the dipping process, it is wrung to release excess solution
and dried at 70°C for 2 h. The thinnest coating which is approximately 10 nm thick has been
achieved at pH 4. The thickness contains 30 bilayers on the cotton fabric surface where one
bilayer consists of one positive and negatively charged layers. More than 90% residues were
left, while the flame propagation is completely stopped during the vertical burn test. In
addition to chitosan phosphate, Shuang and his coworkers have focused on the metal ion
binding ability of chitosan phosphate that results in a synergistic effect and enhanced flame
retardant property by adding nickel ions [71]. The process involves 2 g chitosan and 30 ml
methanesulfonic acid in magnetic stirrer putting on an ice bath in inert atmosphere to avoid
moisture, by adding phosphorus pentoxide (10 g). The chitosan phosphate is achieved from
the reaction and washed with acetone, methanol, and ether. The drying process is realized at
60°C using vacuum. Nickel (II) nitrate hexahydrate and the dried chitosan phosphate react in
the ratio of 10:1 with each other at 60°C for 1 h in the presence of ethanol. The final product is
washed with fresh ethanol to remove extra nickel (II) nitrate hexahydrate and dried at 60°C in
a vacuum dryer. It is then blended with polyvinyl alcohol (PVA) that provides film or fibers
or nanofibers [75] to synthesize flame- and chemical-resistant materials. The heat release rate
of nickel chitosan phosphate (NiPCS) blended PVA decreases substantially compared to the
raw PVA. The microscale combustion calorimeter test has exhibited the peak of heat release
for PVA at 155 W/g, while NiPCS blended PVA having a peak at 40 W/g [71]. Besides, the total
heat release rate is decreased by NiPCS from 18.2 to 10.4 kJ/g, which underlines the main action
of NiPCS. Moreover, the increased amount of NiPCS enhances the char formation that resists
the transfer of oxygen and heat. This process leads to delay the thermal decomposition of
materials due to the improvement in thermal stability at high temperature.

4.8. Chitosan: a hydrophobic material for water repellent textile

Superhydrophobicity is observed in duck feather, wings of butterflies, the legs of water
striders, etc. The specific energy of surface is a quantitative value to comprehend the under-
standing of how water droplets interact with a surface. It is highly relevant to the contact angle
and roughness factors [76]. Nanoscale chitosan coating may be applied on the surface of cotton
and polyester fibers to achieve rough surface. These rough surfaces are further treated with
silicon [77] and fluoride [78] to reduce the surface energy. The fabrics are dipped for 1 min in
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a chitosan solution in 1% acetic acid before being squeezed. The wet fabric is neutralized by
ammonia gas for 1 min and dried 80°C for 5 min [79]. The dipping-padding process with
chitosan allows forming a thin film on the fabric surface. Later on, ammonia treatment changes
the pH of the wet fabric, and insoluble-nanoscaled chitosan is precipitated on the fabric surface.
The SEM study confirms that nanofiber-like shapes are deposited on the fiber surface, resulting
in rough surface on microscale cotton fiber structure. Also, nanoflower-like precipitation is
found for the same treatment with polyester fabrics. The deposition of chitosan nanosized
particles forms proper roughness on cotton and polyester fibers. Besides, an emulsion of
polysiloxane may be used for reducing the surface energy of the chitosan-treated fabric. The
emulsion is prepared by hexadecyltrimethoxysilane (HDTMS, 85%), 3-glycidol-propyl-tri-
methoxysilane (GPTMS, 97%), and sodium dodecyl sulfate (SDS). A mixture of 8 g HDTMS,
2 g GPTMS, and 1 g SDS is stirred at 75°C for 2 h maintaining pH about 2 using HCl. The
operation temperature is reduced to room temperature, and the pH is maintained at 8.0 by
ammonia. After the dipping, padding, washing, and drying, the curing process is done at 150°C
for 1 min. Further washing is necessary if excess SDS is present on the fabric surface and need
to cure again following the same process. In characterization, water contact angles (WCA) are
found 152° and 148° for cotton and polyester, respectively. The cotton and polyester fabrics
having WCA at 130° and 102°, respectively, after processing only with chitosan do not exhibit
long duration hydrophobicity.

Another process based on fluorocarbon to reduce the surface energy has been developed for
the preparation of superhydrophobic textile. In this process, anionic heptadecafluoro-1-
octanesulfonate has been synthesized from a surfactant, CF3(CF2)7SO3Li. Chitosan nanoparti-
cles are formed using 0.2% chitosan solution and mixed with soluble heptadecafluoro-1-
octanesulfonate in acetic acid. The dispersion is stirred for 1 h and left it for 2 h before
characterization. The size and surface charge of the chitosan NPs are controlled by the ratio of
chitosan and CF3(CF2)7SO3Li concentrations. For the treatment of fabric, the nanoparticles
dispersion sprayed over the textile surface. The contact angle of the treated fabric is 157° ± 2.2°.
It has been noticed that long-term water contact would degrade the particles due to the
presence of hydroxyl groups in the chitosan complex. The hydroxyl groups are blocked by
treating the fabric with chlorodimethyl-1H,1H,2H,2H-perfluorodecylsilane (90%) in 1%
heptane solution. The contact angle has been improved after this treatment and found at 160°
± 2° [78].

4.9. Chitosan: a coating on textile for UV blocking

A coating of chitosan-graphene is designed for the process of developing a cotton fabric as UV
blocker. A graphene nanosheet (1–3 nm) is added to chitosan solution by stirring vigorously
around 5 h. A cotton fabric is submerged in the dispersion of chitosan-graphene for 2 h. In
padding process, the fabric passes through two dips and two nips for achieving 80% wet pick
up on average. The washing and drying treatments are maintained separately. The predrying
process is continued at 70°C for 10 min and curing process at 110°C for 10 min. The ultraviolet
protection factor (UPF) of the treated fabric using 1% graphene is 60 times greater than that of
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untreated cotton. The well-dispersed graphene particle in the chitosan matrix without any
aggregation is considered for the high value of UPF [80].

5. Chitosan microcapsules for textile applications

The microencapsulation technique is widely used in pharmaceutical, cosmetic, food, biotech-
nology, textile industries to obtain control release of active components for a particular
purpose. In general, the microencapsulation process is applied to fabrics for improving
durability, desirable aroma, hygienic use, fire resistance, wound healing activity, and so on. A
tiny amount of active components is surrounded by a continuous polymeric phase in the
microencapsulation process. The active component is introduced in different terms such as
core, internal phase, encapsulated, while the continuous polymeric phase is described as
coating, wall, shell, external phase, and membrane. The continuous polymeric phase is one of
the vital issues for application-based microencapsulation process. Chitosan is very efficient to
encapsulate the core materials in microencapsulation process. The core materials are usually
found in two different phases—solid and liquid—and chosen for specific application. The
grapefruit seed oil, a liquid core material, is used to attain durable fragrance and antibacterial
properties by microencapsulation process in the textile application [81]. Chitosan is one of the
shell materials which are used for microencapsulation due to nontoxic, biodegradable, and
naturally extracted. Depending on the process, different types of solvents, crosslinking agents,
and surfactants could be used to modify the mechanical strength of chitosan shell for releasing
active core materials.

5.1. Microencapsulation processes

There are many different microencapsulation techniques such as coacervation [82], interfacial
polymerization or in situ polymerization, air suspension coating, emulsion hardening process,
pan coating, spray drying [83, 84], centrifugal extraction [85], etc. (Figure 7).

The simple coacervation technique is usually followed by single colloidal solute while complex
coacervation process involving more than one colloidal solute. The coacervation is one of the
mostly used techniques for the development of smart textile and will be discussed. Coacerva-
tion can be defined as the separation of a macromolecular solution into two immiscible liquid
phases: a dense coacervate phase and a dilute equilibrium phase. The general outline of this
method consists in four consecutive steps carried out under stirring, i.e., (i) dispersion of the
active substance in a solution of a surface-active hydrocolloid; (ii) precipitation of the hydro-
colloid onto the dispersed droplets by lowering the solubility of the hydrocolloid (nonsolvent,
pH change, temperature, or electrolyte); (iii) addition of a second hydrocolloid to induce the
polymer-polymer complex in the case of complex coacervation; and (iv) stabilization and
hardening of the microcapsules by crosslinking agent. Chitosan is used as shell material that
is sensitive to the pH and ionic strength of the solution. The pKa value of chitosan is 6.5 and
becomes insoluble above this pH since more than 50% chitosan molecules are deprotonated.
The complex coacervation technique requires anionic materials that are used for the ionic
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interaction with protonated chitosan such as vanillin [83], carrageenan [82], alginate [86],
gelatine [87, 88], gum Arabic [89], etc. Besides, the addition of crosslinking agent improves the
mechanical property of chitosan microcapsules such as sodium tripolyphosphate [90–92],
sodium hydroxide [93, 94], genipin [87, 88, 95] glutaraldehyde [96], tannic acid [97], etc. In the
processing of microcapsule with chitosan, a soluble chitosan is prepared in solvent such as
acetic acid [89], citric acid [83], etc. In an acid medium, chitosan is protonated and bears a
positively charged group below pH 6.0. Besides, O/W emulsion is prepared separately using
an anionic material which can interact with chitosan. The anionic material stabilizes the
emulsion and resists the droplets from aggregation. A homogenizer of high-speed rpm
provides the desired droplet size. After that, the chitosan solution is added into the emulsion
and using around 800–1000 rpm neutralization of charge and formation of coacervate are
achieved in the chitosan solution. The coacervation process can produce fine particles after the
charge neutralization and deposition on the surface of emulsion droplets. A crosslinking agent
is used to form a strong network by binding the deposited chitosan complex and form a shell
around the droplets. The pH, temperature, and concentration ratio vary according to specific
system. For example, a chitosan-gum arabic coacervation process requires pH 3.6 for the high
yield of coacervation and homogenization speed at 11,000 rpm for less than 10 µm average
capsule size [89].

Figure 7. Different textile applications and techniques of chitosan-based microcapsules.

5.2. Textile processing with chitosan-based microcapsules

Citronella essential oil, a mosquito repellent agent, is extracted from Cymbopogonnardus, a crop
which is mostly found in Argentina. The natural repellent is usually volatile which limits the
direct applications on the textile surface. Hence, chitosan-encapsulated citronella essential oil
is applied on textile for the fabrication of mosquito repellent textile [93]. Moreover, linseed oil
[98], phase change materials [99], and lemon essential oil (Citrus limon L.) [94] are also encap-
sulated by using chitosan for the formation of shell material in textile applications (Table 3).
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Apart from the microcapsule formulation, textile processing with the microcapsules is also
important for achieving the real benefit of smart textiles. The mosquito repellent textile would
be a proper example to review the textile processing with the chitosan-based microcapsules
below.

Fei and Xin [100] have developed a DEET-containing textile made of cotton for the application
of mosquito repellent and antibacterial activity. Chitosan and polyacrylate copolymers have
been involved in the process for encapsulating the DEET in situ. Chitosan solution (0.5%
w/v) is prepared using 0.6% (w/v) acetic acid in a flask which is equipped with a condenser,
magnetic stirrer, and nitrogen flow facility. Butyl acrylate (BA) and N,N-diethyl-m-toluamide
(DEET) are added to the chitosan solution, and the temperature is maintained at 80°C for 10
min with stirring. In general, DEET is easily dissolved in poly butyl acrylate, and the
dissolution is uniformly homogeneous. Tert-butyl hydroperoxide is added to the mixture at
80°C for 4 h. A white emulsion will be achieved, and the emulsion is sprayed on a 4-mm
cotton fabric. The fabric sample should be bleached before the treatment, and maximum 10
mg/cm2 emulsion is maintained. Chinese standard GB/T 17322.10-1998, a standard test, is
followed to check the mosquito repellency at 25°C and 65% humidity compared to untreated
fabric sample. The percentage of mosquito repellency is determined based on the difference
between control and treated fabric. For example, ED90 indicates 90% effective dose. In this
process, 4% DEET is enough to achieve the ED90 value, while the content is 1.5 mg/cm2 for 4
h protection. Apart from the formulation, Vitex negundo leaf extract is also used as a mosquito
repellent and is encapsulated using chitosan as shell materials [101]. Sodium alginate (95 ml,
0.6% w/v) and 18 mM calcium chloride are added to the leaf extract. Chitosan is added to
this solution by stirring for 30 min and left overnight at room temperature. It is then
centrifuged at 1500 rpm for 15 min. The coacervate phase will be separated out, washed, and
stored at 5°C for further analysis.

Application Microencapsulation technique

Limonene oil microencapsulated textile for antibacterial activity Coacervation process by NaOH dripping technique

Cosmato textile-chitosan/vanillin microcapsules Spray drying technique

Microcapsulation of citronella oil Coacervation process by NaOH dripping technique

Microcapsulation of linseed oil Multilayer coacervation method

Phase change material encapsulation Chitosan as binder

Table 3. Different techniques and applications of chitosan-based microencapsulation processes for textile.

The release rate of the core materials through the chitosan shell depends on the temperature,
humidity, and time. On top of that, the release property of active component depends on
chitosan concentration and temperature [93]. For example, the release of citronella oil is 20–
25% when the operational temperature is maintained at 40–60°C. Besides, chitosan wall
membrane concentration 0.2–0.5% is considered as a good microcapsule for a better release
property. The release property is entirely inhibited when the operational temperature is 80°C.
The mechanism underlying the release behavior is the contraction of chitosan membrane due
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to increase in temperature. As a result, the pore size reduced and the release of core materials
stopped [93]. On the other hand, the chitosan-core material interaction also affects the release
property. In this regard, the concentration of chitosan and crosslinking agent should be
optimized properly.

6. Conclusion and future perspectives

Chitosan is biodegradable in human health, plant, and environment organisms. Concerning
economic aspect, it is a by-product of fishing industry. Textile is one of the most usable
consumer products in our daily life although the processes are mostly hazardous. The whole
supply chain of textiles still requires more research on how to establish the sustainability
regarding health safety and cost. The use of chitosan could open the door for developing a
sustainable industrial practice in fiber production and fabric treatments for its nontoxic
property and low cost. Moreover, the blended and modified chitosans that extend the availa-
bility of various high-end functional textiles with reasonable price will enhance the research
and development on chitosan-based textile processing.
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Abstract

Thermosensitive  polymers  are  materials  capable  of  undergoing a  reversible  phase
transition in aqueous media in response to a variation of the temperature. They have
attracted high scientific interest for advanced applications in diverse areas, such as
biotechnology, biomedical, environmental, food industry and other fields. At the same
time,  chitosan  is  a  promising  marine  polysaccharide  that  has  long  been  used  in
applications such as drug, peptide or gene delivery systems. Being the most abundant
marine  polysaccharide,  chitin  and  chitosan  do  not  exhibit  thermoresponsive
properties,  but  some of  their  derivatives  do.  In  the  present  chapter,  the  efforts  to
produce  chitosan-based  thermosensitive  materials  are  reviewed.  Particularly,  the
properties and applications of chitosan-glycerophosphate thermogelling system are
examined;  the  methods  of  synthesis  of  chitosan  copolymers  grafted  with  poly(N-
isopropylacrylamide) or poly(N-vinylcaprolactam), their physicochemical properties
and most of their prominent applications are discussed as well.

Keywords: chitosan, thermosensitive material, chitosan-glycerophosphate, chitosan-g-
N-isopropylacrylamide, chitosan-g-poly(N-vinylcaprolactam)

1. Introduction

Smart  polymers  are  usually  defined  as  ‘macromolecules  capable  of  undergoing  rapid,
reversible  phase  transitions  from  a  hydrophilic  to  a  hydrophobic  microstructure.  These
transitions are triggered by small shifts in the local environment, such as slight variations in
temperature, pH, ionic strength, or the concentration of specific substances like sugars’ [1].
Among them, thermosensitive water-soluble materials have attracted high scientific interest
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for advanced applications in diverse areas, such as biotechnology, biomedical, environmental,
food industry and other fields.

Chitosan (Cs) is a linear polymer obtained by extensive deacetylation of chitin, the most
abundant marine polysaccharide. It is mainly composed by two kinds of β(1→4)-linked
structural units: 2-amino-2-deoxy-d-glucose and N-acetyl-2-amino-2-deoxy-d-glucose.
Chitosan is a very interesting polymer for biomedical applications because of its biocompati-
bility, biodegradability and low toxicity. It can also be applied for the treatment of residual
waters, in agriculture, food, cosmetics and textile industries, among others [2].

Because of the polyelectrolyte nature of chitosan, these thermoresponsive materials are also
sensitive to changes of pH in the medium. Aqueous polymer solutions that could be trans-
formed in situ into hydrogels by changes in environmental conditions, such as temperature
and pH, have an advanced scientific interest due to their specific technological applications as
sensors, actuators, controllable membrane for separations and modulators for delivery of
drugs for use in medicine, biotechnology and other fields.

A wide variety of chitosan thermosensitive materials has been generated, like nanostructures,
scaffolds, membranes, cryogels and paramagnetic beads, to cite some of them. In the present
chapter, the efforts to produce chitosan-based thermosensitive materials, as well as their most
relevant physicochemical properties and applications, will be considered.

2. Chitosan-glycerophosphate system

2.1. Physicochemical characteristics and mechanism of gelation

Chitosan is an ionic polysaccharide that does not yield physical gels by itself. It was up to 2000,
when Chenite et al. published a couple of articles describing one of the rare true physical
chitosan hydrogels [3, 4]. They described a chitosan formulation with glycerophosphate (GP),
which is capable to render physical gels upon heating. In fact, when adding glycerophosphate
to chitosan aqueous solutions, the polymer remains in solution at neutral pH and room
temperature, while a heat-induced gelation can be triggered upon heating around the phys-
iological temperature. Due to these interesting characteristics, this system has found a wide
interest in the biomedical field including drug delivery and tissue engineering.

The rheological behaviour of a Cs-GP nearly neutral aqueous solution (pH 7.15) exhibits a
strong rise of the storage modulus, Gʹ, upon heating, indicating that the liquid solution turned
into a solid-like gel in the vicinity of 37 °C. In turn, during the cooling run, there is a decrease
of Gʹ, revealing a tendency of the gel to return to the liquid state [3]. Cho et al. have classified
the viscoelastic behaviour of this system in three well-distinctive regions: (1) a liquid-like
behaviour manifested at low temperatures, (2) the thermal gelation process characterized by
an increment in Gʹ and Gʺ moduli as the temperature rises and (3) a slow terminal gelation
after the heat-induced cross-linking process [5].

The temperature of incipient gelation increases as the degree of deacetylation decreases, while
the molecular weight showed no significant effect on the temperature of gelation [3]. If
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transparent hydrogels are needed to be prepared, it is necessary to previously reacetylate
chitosan up to a degree of deacetylations 35–55%, under homogeneous conditions [6].

The morphology of Cs-GP hydrogel as observed by laser scanning confocal microscopy
displays a heterogeneous microstructure, suggesting that the kinetic gelation mechanism of
this system may be nucleation and growth. Power spectra reveal a fractal-like morphology in
the gel [7].

The mechanism of gelation of chitosan in the presence of glycerophosphate involves several
interactions such as screening of electrostatic repulsion, ionic cross-linking and hydrophobic
and hydrogen-bonding interactions [5, 8].

The effects of experimental parameters on the characteristics of the gelation process have been
documented. Chitosan and glycerophosphate concentration: the gelation temperature decreased
with increasing both β-GP and polymer concentration, while the mechanical properties of the
gel become enhanced due to an increase of intermolecular interactions and entanglements [8].
Temperature: it is interesting to note the behaviour of the pH and conductivity during heating.
While any change in pH could not be appreciated, the conductivity displayed a monotonous
increment as the temperature rises. This behaviour was associated to a reduction of chitosan
solubility and an enhancement on the screening of electrostatic repulsion, therefore increasing
hydrophobic interactions and improving conditions for gel formation [5]. According to the
same authors, temperature most probably modifies hydrogen bond distribution and favours
polymer-polymer interactions over those of polymer-solvent interactions. Ionic strength: an
increment of the ionic strength gives favourable conditions for gel formation due to the higher
screening of electrostatic repulsions, thus promoting the hydrophobic interactions in the
polymer physical network [5].

In a continuation of these works, Cho et al. used oscillatory shear data to verify the scaling
behaviour at the gel point. Their conclusions showed that the power-law index was dependent
to some extent on chitosan concentration and temperature [9].

Moreover, an interesting research published by Supper et al. [10] demonstrated the specific
role of the polyol-phosphate molecules on the thermo-physical gelation process. On the one
hand, the phosphate moiety neutralizes the charges along the Cs chains up to the physiological
pH, keeping them in the solution state at room temperature. On the other hand, the polyol unit
is responsible for the thermal sensitivity of the Cs solution. Both the chemical structure and
size of the polyol moiety play a significant role in controlling the gelation process [10]. In
Figure 1 this gelation mechanism is clearly depicted.

Similar conclusions have been achieved by Qiu et al. when they investigated the influence of
urea and isobutanol on the thermogelling process of Cs-GP system. Urea appears to be
unfavourable to the gelation process, because it disrupts hydrogen bonding and retards the
formation of hydrophobic domains, but the addition of isobutanol speeded the sol-gel
transition by strengthening the hydrophobic interactions. This opposite effect opens the
possibilities of tuning the gelling process of Cs-GP system [11].
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Figure 1. Representation of the gelation mechanism of Cs/polyol-phosphate solutions according to Supper et al. [10].
Reprinted with permission from Ref. [10]. Copyright 2013, American Chemical Society.

2.2. Applications

For biomedical purposes, the sterilization of the Cs-GP system and other biomedical charac-
teristics are important to be considered. There have been documented some investigations
about the influence of different sterilization procedures on the thermogelling ability of this
system. Autoclaving and steam sterilization may significantly affect the molecular weight and
viscosity of chitosan, but do not impair its ability to form gels upon heating [12, 13]. However,
γ-radiation markedly changed its thermogelling properties [13]. Regarding the angiogenic
potential of Cs-GP system, results indicate that this system does not contribute to enhance
angiogenesis, while the presence of human bone marrow-derived mesenchymal stem cells
resulted in an increased angiogenic response after 3 days of placement on the chick chorioal-
lantoic membrane [14]. A lower acetylation of chitosan seems to be desirable for better
biocompatibility. At the same time, even though biodegradation is slower, fewer fragments are
generated, and this seems to lead to a minor pronounced immune response [15]. Newer studies
in this sense confirm that Cs-GP is a biocompatible hydrogel, extracts of which can stimulate
mesenchymal stem cell proliferation at certain concentrations. According to authors’ conclu-
sions, ‘this material is therefore a promising vehicle for cell encapsulation and injectable tissue-
engineering applications’ [16].

Chitosan thermosensitive hydrogel has the advantage to form in situ a hydrogel at physio-
logical temperature, avoiding the necessity of surgical implants. This fact underlies its
applications in biomedical field including local drug delivery and tissue engineering [17]. Cs-
GP system has a great potential as scaffold material in tissue engineering and regenerative
medicine due to its good biocompatibility, minimal immune reaction, high antibacterial nature,
good adhesion to cells and the possibility to be moulded in various geometries [18–26]. For
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similar reasons, the other key pharmaceutical application of this material is a smart-controlled
release system [4, 18, 20, 27–38], because the hydrogel is able to keep the drug level within the
therapeutic window during extended periods of time, thus avoiding frequent low doses and
undesirable secondary effects in patients. Important and interesting patents of biomedical
applications of this system have been revised recently [39].

Composite nanomaterials of Cs-GP hydrogel and silver nanoparticles (NPs) with potential
applications in medicine due to their antibacterial activity have also been documented [40, 41].

3. Chitosan thermosensitive derivatives

Chitosan macromolecule is prone to chemical modifications, due to the high reactivity of their
functional groups: primary and secondary hydroxyl groups at C-3 and C-6 positions, respec-
tively, and the highly reactive amino group at C-2 position. The chemical structure of chitosan
is represented in Figure 2. The most common purposes for modifying chitosan include
improvement of its solubility at neutral or alkaline pH and to impart specific functional
properties [42]. Among the different chemical approaches to modify chitosan, the grafting
procedures open a huge range of possibilities to achieve versatile molecular designs for new
advanced materials.

Figure 2. Structural units of chitosan, N-isopropylacrylamide and N-vinylcaprolactam.

A graft copolymer contains a long sequence of structural units (often referred to as the
backbone polymer, in this case chitosan), with one or more branches (grafts) of long sequences
of another monomer. Grafting copolymerization can be conducted in both heterogeneous and
homogeneous conditions [43]. The graft copolymers can be principally synthesized by three
strategies: grafting through, grafting from and grafting onto, in dependence of the method of
preparation. The grafting from reaction is based on the in situ polymerization of the grafting
monomers from a preformed macromolecular backbone that is chemically modified by the
introduction of active sites. The grafting onto is an interesting technique that consists in a
coupling reaction between end-functional groups of the graft chains onto pendant functional
groups of the backbone chain [44]. This procedure has become an efficient tool for the prepa-
ration of graft copolymers with well-defined structure.

Poly(N-isopropylacrylamide), PNIPAm, and poly(N-vinylcaprolactam), PVCL, are two well-
recognized water-soluble thermosensitive polymers (Figure 2). They both undergo hydro-
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philic to hydrophobic phase transition when temperature increases, exhibiting lower critical
solution temperature (LCST) behaviour. Below the LCST, the polymer is soluble, but when
temperature increases, they experience a reversible volume phase transition.

Chitosan has been grafted with PNIPAm and PVCL. Other chitosan derivatives such as
chitosan-poly(ethylene glycol) copolymer and N-isobutyryl chitosan also display thermore-
versible behaviour.

In this section, an overview about the methods to synthesize chitosan-based copolymers will
be described, as well as their physicochemical properties and potential applications.

3.1. Chitosan-graft-poly(N-isopropylacrylamide)

3.1.1. Synthesis

The grafting from approaches to modify chitosan with NIPAm could be performed under simple
homogeneous conditions by one-pot free radical polymerization. With this purpose cerium
ammonium nitrate has been frequently employed as initiator [45], as well as a variety of
thermal initiators such as azobisisobutyronitrile (AIBN) [46] and ammonium or potassium
persulfate [47–50]. Cerium ion is an efficient redox agent capable of undergoing radical
polymerization under soft conditions, in acidic aqueous media at low temperatures [51–54].

This copolymer has also been prepared by the grafting onto strategy. With this purpose, a two-
step synthesis should be conducted. Firstly, carboxyl-terminated PNIPAm is obtained by free
radical polymerization in the presence of 3-mercaptopropionic acid as chain-transfer agent.
Then, the homopolymer is grafted onto chitosan chain using a condensing agent such as EDC/
NHS [55, 56].

Nowadays, more organized polymer structures are required to attend specific biotechnological
applications. The conventional radical polymerization employed to prepare PNIPAm-COOH
homopolymers by the grafting onto strategies does not allow a control over the degree of
polymerization of PNIPAm chains, and hence no predefined molecular architecture of
chitosan-g-PNIPAm copolymer could be synthesized.

Atom transfer radical polymerization (ATRP) is an alternative in which the polymer length is
controlled by the synthesis of well-defined graft chains. Bao et al. have obtained a Cs-g-
PNIPAm copolymer by the following approach: azide-ended PNIPAm homopolymer was
firstly prepared through ATRP. Simultaneously, alkynyl pendant Cs derivative is prepared by
the amidation of Cs with 4-pentynoic acid in the presence of EDC/NHS. Finally, the Cs
copolymer was completed by the click reaction of alkynyl Cs with PNIPAm-N3 under mild
click chemistry conditions. The click reaction proved to be an efficient coupling method for
grafting Cs [57]. The same research group has also reported the synthesis of a comb-type Cs(-
g-PDMAEMA)-g-PNIPAm terpolymer using a similar strategy of copolymerization [58].

Chen et al. have proposed a four-step route where the grafting reaction was directed towards
the C-6 position; the method involves [59]:
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• Protection of amino groups of chitosan by N-phthaloylation.

• Preparation of the bromoisobutyryl-terminated N-phthaloyl chitosan macroinitiator.

• Synthesis of the copolymer via ATRP from the chitosan macroinitiator with NIPAm.

• Removal of the N-phthaloyl groups regenerates amino groups.

Don et al. synthesized Cs-g-PNIPAm by means of a two-step route: in order to include vinyl
carboxylic acid groups in the backbone, chitosan was first modified with maleic anhydride to
produce MA-Cs. In the second step, NIPAm monomer was grafted onto MA-Cs via UV-
initiated free radical polymerization [60]. Later, this group proposed a new grafting route in
which chitosan amino groups were protected by N-phthaloylation, and then the vinyl
functional group was introduced at the C-6 position by reaction with m-tetramethylxylene
isocyanate, followed by deprotection of amino groups. Finally, PNIPAm was grafted to the
vinyl Cs by UV-initiated free radical polymerization [61].

3.1.2. Properties

Due to the interesting dual-responsive behaviour of Cs-g-PNIPAm copolymers, the properties
of these materials have been thoroughly studied using different techniques such as micro-
differential scanning calorimetry (μDSC), dynamic light scattering (DLS), NMR, UV-Vis
spectroscopy and rheological measurements, among others [46, 51, 52, 54, 58–60, 62–65].

During heating of Cs-g-PNIPAm solutions, μDSC traces show a sharp endothermic peak
associated with the phase transition at LCST. Associated enthalpy values are proportional to
NIPAm content in the copolymer. Comparable exothermic peaks were obtained during
cooling, giving rise to fully reversible transition [52].

Hydrophilic and hydrophobic interactions are important factors governing thermosensitive
properties of NIPAm polymers. At temperatures below LCST, water molecules form regular
ice-like structures around hydrophobic methyl groups. An increase in temperature results in
a breakdown of the hydrophobic hydration. As a result, hydrophobic interactions between
methyl groups from different NIPAm-grafted blocks are promoted, giving rise to a polymer
network. From a thermodynamic point of view, such a phase transition should generate a
conformational entropy loss upon polymer association, which should be compensated by the
translational-entropy gain of expelled water molecules. Therefore, there is a total entropy
increment upon phase transition that overcomes the observed endothermic enthalpy, thus
giving rise to a decrement in Gibbs free energy [52, 66].

Variation of viscoelastic G′ and G′′ moduli during heating also confirms the existence of a sol-
gel transition: as the phase transition takes place, there is a marked increase in storage modulus
and a moderate decrement in loss modulus (Figure 3a). This phenomenon has been interpreted
as the result of the formation of hydrophobic junctions at the expense of the net amount of sol
fraction, giving rise to the formation of more elastic networks [52].

It is well known that the LCST value of PNIPAm may be changed conveniently if the hydro-
phobicity of the system is altered, either by changes in macromolecular composition or by
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changes in overall hydrophilicity of the surrounding environment [50, 66–68]. This response
is also observed for Cs-g-PNIPAm copolymers. Wang et al. successfully regulated the LCST
adding acrylamide as a comonomer during the synthesis. By this way, the LCST of Cs-g-
poly(NIPAm-co-AAm) was increased from 33 to 38 °C when 5.5% of AAm was included [69].
An increment in LCST from 33 to 44 °C as the chitosan feed concentration with respect to
NIPAm was raised up is also reported [67].

The influence of the environmental conditions on the LCST of Cs-g-PNIPAm is noticeable. For
example, it was observed that the transition temperature of the copolymer shifted to lower
temperatures with increasing concentration of alcohols [70]. Meanwhile, addition of salt to
PNIPAm solutions is known to disrupt the regular ice-like structure of water molecules around
NIPAm moieties resulting in a decrement of the transition temperature [71, 72]. Such an effect
was appreciated for the copolymer: the addition of NaCl to hydrochloric stoichiometric
solutions of the copolymer decreased the LCST and caused an increase in enthalpy change [52].

The fully reversible behaviour of the phase transition of this copolymer is an upmost property.
On the one hand, it is noticeable from the fast and reversible variation of the viscoelastic moduli
during heating-cooling cycles [52]. On the other hand, the same behaviour is evident from the
continuous swelling-shrinking cycles, induced by stepwise periodic changes in temperature
for a polyelectrolyte complex membrane of Cs-g-PNIPAm [63] (Figure 3b).

Figure 3. (a) Variations in mechanical moduli, G′ (,) and G′′ (–), for 1% (w/w) solution of Cs-g-NIPAm in 10% aqueous
acetic acid to stepwise periodic changes in temperature between 10 and 30 °C (ω = 1 rad s−1; γ = 5%); reprinted with
permission from Ref. [52]. Copyright 2009, American Chemical Society. (b) Variation of swelling in pure water
(pH = 5.9) for a Cs-g-PNIPAm polyelectrolyte complex membrane to stepwise periodic changes in temperature be-
tween 10 and 40 °C; reprinted from Ref. [63]. Copyright 2011, with permission from Elsevier.

There are evidences that Cs-g-PNIPAm undergoes micellization processes above the phase
transition temperature. On the one hand, Chen et al. noticed that aqueous solutions of Cs-g-
PNIPAm (which amino groups were protected during the synthesis) showed pH-dependent
behaviour, and at temperatures above the LCST, the copolymer self-assembled into micelles
with chitosan core [59]. On the other hand, recent studies have demonstrated that during
heating, Cs-g-oligo(NIPAm) copolymers self-assembled into aggregates due to the hydro-
phobization of NIPAm blocks. At 25 °C, oligo(NIPAm) chains are hydrophilic exhibiting
expanded structures. In change, at 37 °C, a clear transition is observed, the side-chain segments
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become hydrophobic and the molecules began to fold [54]. In the same way, Cs(-g-PDMAE-
MA)-g-PNIPAm terpolymer experiments thermo- and pH-responsive micellization behaviour
in aqueous solutions. Moreover, this terpolymer could form three-layer onion-like micelles at
25 °C when pH is above 7 [58].

3.1.3. Applications

Cs-g-(PNIPAm) is a potential thermosensitive in situ gel-forming material for ocular drug
delivery that may enhance ocular absorption, efficacy, bioavailability and pharmacokinetic
properties. Experimental results suggested that, at physiological pH, the copolymer hydrogel
can interact with the mucus and cornea cell membrane, increasing the drug residential time
[46].

Chitosan/PNIPAm hydrogels have been considered as a useful tool to enhance oral bioavail-
ability of low-solubility drugs such as naproxen [73], paclitaxel [69], caffeine [74], etc.

Raskin et al. have proposed a mucoadhesive amphiphilic nanogel based on the micellization
of CS-g-oligo(NIPAm) and stabilized through the ionotropic gelation of chitosan. These
polymeric micelles are self-assembled and positively charged nanocarriers with potential for
improved mucosal administration of hydrophobic drugs [54].

A formulation of curcumin-loaded biodegradable thermoresponsive Cs-g-PNIPAm nanopar-
ticles was prepared by ionic cross-linking method. The in vitro drug release was prominent at
temperatures above LCST. The curcumin-loaded nanoparticles (NPs) showed specific toxicity
on cancer cells and increased apoptosis on PC3 cells [55].

Gui et al. have developed some inorganic/organic hybrid composite hydrogels using Cs-g-
NIPAm as a shell that combine thermo-/pH sensitivity, fluorescence and biocompatibility
giving an attractive option for biological and biomedical applications [64, 75]. In the first report,
experimental data evidence that Adriamycin-loaded microspheres could effectively improve
drug release and accumulation in targeted tumour cells or tissues [64]. On the second article,
authors prepared doxorubicin-loaded nanospheres that exhibited remarkable fluorescence/
thermo-/pH sensitivity with high anticancer activity [75].

Recently, interpenetrated cryogel scaffolds of PNIPAm and chitosan have been prepared via
free radical polymerization in the presence of cross-linkers. These materials were evaluated as
potential bioartificial liver devices. The cell-seeded cryogel proved their capacity to success-
fully purify plasma, supporting liver function in terms of both detoxification and synthesis of
important metabolites [65].

3.2. Chitosan-graft-poly(N-vinylcaprolactam)

3.2.1. Synthesis

To the best of our knowledge, the first report of the preparation of chitosan-graft-PVCL (Cs-g-
PVCL) copolymer was documented by Kudyshkin et al. [76]. They reported the synthesis of
this thermosensitive material by radical graft polymerization. This reaction was performed
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under homogeneous conditions using a mixture of solvents at 60 °C. Unfortunately, this
reaction is reported to be accompanied by a decrease in the molecular weight of chitosan,
probably caused by the cleavage of the glycoside bonds by potassium persulfate [76, 77]. In
the grafting from technique, the radical chain polymerization of a monomer is triggered by the
thermal decomposition of the initiator. Simultaneously, the polymer radicals are formed by
chain transfer between the propagating radical and polymer. It is well known that this method
results in a mixture of homopolymer and graft copolymer, as well as ungrafted backbone
polymer [43]. The grafting from approach allows the synthesis of graft copolymers by one-step
reaction, but its principal drawback is the lack of control on the chain length of the grafted
polymer.

A novel approach to obtain Cs-g-PVCL based on grafting onto copolymerization was docu-
mented by Prabaharan et al. This strategy consists of the reaction between functional
groups from two different polymers. In this research, the first carboxyl-terminated PVCL
homopolymer (PVCL-COOH) was synthesized by radical chain polymerization, using
AIBN as initiator and 3-mercaptopropionic acid as chain-transfer agent. Then, PVCL-
COOH chains were grafted onto chitosan backbone via amidation reaction using EDC/NHS
as coupling agents [78].

After this pioneering work, the synthesis of the chitosan-graft-PVCL by the grafting onto
approach has been documented by other authors [79–85]. The formation of amide bonds
between PVCL-COOH and chitosan amino groups has been confirmed by FTIR [78, 80, 85],
1H-NMR [78, 85] and Raman [85] spectroscopy techniques. EDC/NHS system is the activator
agent usually used by many authors. The main drawback of this system is the formation of
the secondary products, which are difficult to remove leading to low yields of functionaliza-
tion [86, 87]. In this regard, DMTMM entails some benefits over the former system because it
selectively promotes the formation of the amide bond in aqueous solution in a wide range of
pH. The coupling reaction is thought to be initiated by addition of a carboxylate anion to
DMTMM to give an activated ester, which undergoes attack by an amino to give the corre-
sponding amide [88, 89].

The main advantage of the grafting onto procedure is the possibility to control the molecu-
lar architecture of the copolymer. In this sense, our group has reported the synthesis of
PVCL-COOH samples with different molecular weights by means of controlled radical
polymerization and their subsequent grafting onto the chitosan backbone using DMTMM
as activator agent. This approach allows a control of the chain length of the grafted PVCL
chains, as well as the spacing between grafted side chains onto the chitosan backbone
[85].

Cs-g-PVCL copolymer has also been synthesized by gamma radiation [90]. This method allows
obtaining functionalized materials without remaining residues. The reaction solution is
irradiated with a 60Co γ-source using doses between 10 and 50 kGy. The ionizing radiation is
a powerful tool to achieve functionalization of polymers requiring no additional reactants [91].
However, it has been documented that γ-radiation leads to the scission of 1–4 glycosidic bond
of chitosan, thus reducing the molecular weight [92, 93].
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3.2.2. Properties

The Cs-g-PVCL system shows properties of both, chitosan and PVCL. As it is well known,
chitosan is a pH-sensitive, non-toxic, biodegradable, biocompatible linear polyelectrolyte [2],
while PVCL is a non-ionic, biocompatible, thermosensitive water-soluble polymer with a phase
transition temperature in the physiological range [94]. This graft copolymer showed pH and
temperature sensitiveness that could be very interesting for the development of smart-
controlled release systems, as well as active scaffold for tissue engineering and regenerative
medicine.

The grafting parameters, such as grafting percentage and grafting efficiency, are greatly
influenced by the reaction conditions [95]. These parameters have been evaluated by 1H-NMR
[78], thermogravimetric analysis (TGA) [85] and gravimetrically [79, 85, 90].

Kholmuminov et al. observed a relatively rapid decrease on the effective viscosity of Cs-g-
PVCL solutions at shear rates up to 100 s−1. These authors suggested that this behaviour is
related to the presence of flexible PVCL chain blocks that easily unwind and orient in a flow
when increasing the shear rate [77].

The phase transition behaviour of Cs-g-PVCL in aqueous solutions has been investigated by
turbidimetry [78–80, 85], DSC [79, 85] and DLS [96]. The LCST of this copolymer has been
estimated between 32 and 42  °C, and it was close to the transition of the corresponding
homopolymers.

It has been demonstrated that the properties of the Cs-g-PVCL are controlled by the molecular
architecture of the copolymer: length of the grafted side chains and their spacing along the
chitosan backbone [85].

On the one hand, the temperature of the phase transition of the copolymer depends on the
spacing between grafted PVCL chains along chitosan backbone. Studies by μDSC evidenced
that the longer the spacing between PVCL-grafted chains, the lower the LCST of the polymer,
as well as the enthalpy associated with the phase transition (Figure 4a) [85]. It is obvious that
as the spacing between grafted chains is smaller, the phase transition is more cooperative, thus
facilitating the hydrophobic intercatenary interactions between PVCL chain segments during
the dehydration process at the critical temperature. From a thermodynamic point of view, the
phase transition produces a loss of conformational entropy due to the aggregation of PVCL
chain segments. This phenomenon must be counterbalanced by the translational-entropy gain
when water molecules are expelled out from the excluded volume of PVCL macromolecules
during phase separation. Thus, the larger the hydrophobic portions are, the greater the entropy
gain is, which explains why the cooperative hydrophobic interactions are favoured when the
PVCL chains are closer in space [85].

On the other hand, the longer the grafted PVCL chain, the lower the phase transition temper-
ature (Figure 4b) [85, 96]. This phenomenon has been attributed to the fact that increasing the
PVCL chain length, the polymer-polymer interactions become more and more cooperative. As
a result, longer hydrophobic segments appear, thus favouring polymer-polymer long-range
interactions giving rise to phase separation phenomena at lower temperatures [85].
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Since this system exhibits a dual temperature and pH sensitiveness, the ionic strength and pH
of the medium have also an influence on the properties of the Cs-g-PVCL aqueous solutions,
as evidenced from DLS and ζ-potential studies [96]. According to the DLS measurements, at
temperatures above the phase separation, the size of the macromolecular aggregates is greater
as the medium is more acidic, and a slight increment on the transition temperature is also
observed (Figure 4d) [96]. Concerning the influence of the ionic strength on the copolymer
solutions, a noticeable effect of the electrostatic screening on the hydrodynamic sizes of the
copolymer coils, which causes that the phase transition takes place at lower temperatures,
giving bigger macromolecular aggregates (Figure 4e) was found [96].

Figure 4. (a) Heating μDSC scans of 10 wt% aqueous solutions of Cs-g-PV-26.A, Cs-g-PV-26.B, Cs-g-PV-26.C and Cs-g-
PV-26.D samples (heating rate, 0.6 °C min−1; reference, water). Reprinted from Ref. [85]. Copyright 2015, with permis-
sion from Elsevier. Dependence of the (b) hydrodynamic diameter, DH, and (c) ζ-potential of Cs-g-PVCL on
temperature of aqueous solutions of Cs-g-PVCL for different number-average molecular weights of PVCL-grafted
chains. Cs-g-PVCL samples with Mn 04, 13, and 26 kDa at 2 mg mL−1 (pH 6). Heating rate, 0.25 °C min−1. Variation of
LCST of the Cs-g-PVCL-26 solution (2 mg mL−1) with (d) pH of the medium and (e) ionic strength. Heating rate,
0.25 °C min−1. Reprinted from Ref. [96]. Copyright 2016, with permission from Springer.

Pérez-Calixto et al. have recently addressed the preparation of N-vinylcaprolactam and N,N-
dimethylacrylamide (DMAAm) binary-grafted system onto cross-linked chitosan by γ-
radiation. The incorporation of DMAAm hydrophilic comonomer increased the phase
transition temperature from 34 to 37  °C, as well as the swelling degree due to intermolecular
interactions with amino groups of chitosan molecule [97].

It is important to remark that Fernández-Quiroz et al. have reported that all the Cs-g-PVCL
copolymers they synthesized were soluble in water at neutral pH, at room temperature. From
a thermodynamic point of view, this fact suggests a significant improvement of the copolymer
solvation via hydrogen bonding between PVCL-nitrogen unshared electron pair and water
molecules. A better polymer-solvent interaction induces higher entropy of mixing giving rise
to the dissolution of the macromolecule. This property could be of considerable interest for
biomedical applications, where it is important to keep a pH near to the physiological one [85].
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3.2.3. Applications

Thermoresponsive chitosan derivatives based on Cs-g-PVCL have been chiefly studied for
biomedical applications as drug delivery and tissue engineering. Their biocompatibility, low
toxicity, pH and temperature sensitiveness have drawn a great scientific interest.

In this sense, beads and nanomaterials based on Cs-g-PVCL copolymer have been prepared
by ionotropic gelation using sodium tripolyphosphate (TPP) as ionic cross-linking agent [78,
80–84]. Studies carried out by Prabaharan et al. indicated that the copolymer has a swelling
degree higher at pH 2.2 than at pH 7.4, decreasing with increased environmental temperature.
These copolymer beads exhibited a slower release of ketoprofen, as compared with chitosan,
revealing a different release profile in dependence on the pH and temperature. According to
MTT assay, the copolymer showed no obvious cytotoxicity [78].

Rejinold et al. studied the behaviour of Cs-g-PVCL nanoparticles as 5-fluorouracil carrier for
its delivery to cancer cells. The copolymer showed a temperature-induced phase transition in
the range of 38–45  °C in aqueous solutions, and its NPs display nearly spherical shape with
an average diameter of 150 nm, which increased up to 180–200 nm when loaded with the drug.
According to the drug delivery, cytotoxicity, in vitro cell uptake and apoptosis studies, these
NPs could be a promising candidate for cancer drug delivery [80].

Recently, several studies relative to Cs-g-PVCL nanoparticles loaded with curcumin (Cs-g-
PVCL-CRC-NPs) have been investigated as a potential anticancer drug delivery carrier
system [81–84]. These NPs exhibit similar morphology to those in Ref. [80]. The rate of drug
release was dependent on pH and temperature of the medium and showed an increase in
delivery at temperatures above LCST in acidic pH conditions. These NPs exhibited specific
toxicity to cancer cells at above their LCST [84].

In other articles, this group also describes Cs-g-PVCL-CRC-NPs in combination with metallic
nanoparticles to assess their feasibility as a potential system for radio frequency (RF)-assisted
cancer therapy [81–83]. With this purpose, gold nanoparticles (Au-NPs) were incorporated in
Cs-g-PVCL-CRC-NPs in order to induce RF-assisted heating. These NPs showed uniform
spherical shape, with particle size around 170 nm and ζ-potential of +18 mV. These NPs proved
to be beneficial for combined RF therapy for treating breast and colon cancers [81, 83].

In a recent study, iron oxide nanoparticles (Fe3O4 NPs) were also incorporated to Cs-g-PVCL-
CRC-NPs. Fe3O4 NPs require lower-background RF heating than the Au-NPs. In this report,
80 W for 2 min was required to heat the system up to 42 °C, and curcumin was controlled and
released in cancer cells. These nanoparticles showed cellular internalization on array of the
cancer cells, which decrease in cell viability and increase in cellular apoptosis [82].

Indulekha et al. documented the behaviour of a thermoresponsive polymeric gel based on Cs-
g-PVCL as an on-demand transdermal drug delivery carrier for pain management. In this
article, the delivery behaviour was analyzed by loading acetamidophenol (a model hydrophilic
drug) and etoricoxib (a model hydrophobic drug). This material showed a pulsatile drug
release (ON-OFF mechanism), giving an enhanced release for both drugs at temperature above
LCST and pH 5.5. Histopathological results proved that the gel is biocompatible [79].
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3.3. Other chitosan derivatives

Selective modification of chitosan via N-acylation with carboxylic anhydrides in dilute acetic
acid/methanol under mild conditions has been documented by Hirano et al. [98–100]. These
gels are colourless, transparent, rigid and stable on heating. Among them, the gel formation
during the N-isobutyrylation of chitosan has been investigated in our laboratory [101]. N-
Isobutyryl chitosan has structural and steric similarities with NIPAm.

Even when it is known that N-acylation leads to irreversible gel formation, N-isobutyryl
chitosan behaves as a thermally sensitive hydrogel material similar to other thermally synthetic
systems such as PNIPA. Indeed, after the derivatization reaction, the gel was thoroughly
washed with water at 60 °C in order to get rid of methanol, acetic acid and any excess of
reactant. When this hydrogel was submitted to cyclic stepwise changes in temperature, there
is a pulsatile reversible response of the viscoelastic moduli, which persisted after four cycles
[101].

Lastly, it should be mentioned that other chitosan-g-poly(ethylene glycol) thermoreversible
copolymers have been also recently proposed [102–104], which are potentially suitable in
biomedicine, especially for drug release and tissue engineering applications.

4. Concluding remarks

In this chapter, a review about the methods of synthesis of chitosan thermosensitive derivatives
is presented, as well as their featured properties and key potential applications.

When adding glycerophosphate to chitosan solutions at room temperature, the polymer
remains in solution at neutral pH, while a gelation can be triggered upon heating around the
physiological temperature. This thermo-gelation process involves several interactions such as
screening of electrostatic repulsion, “ionic” cross-linking, hydrophobic effect and hydrogen-
bonding interactions.

Some chitosan derivatives have also been extensively investigated. Among them, chitosan-
grafted-poly(N-isopropylacrylamide) and poly(N-vinylcaprolactam) are two well-recognized
chitosan-based thermosensitive materials (Figure 5a and b, respectively). Other derivatives
such as chitosan-g-poly(ethylene glycol) and N-isobutyryl chitosan also display thermorever-
sible behaviour. These polymer materials exhibit a lower critical solution temperature behav-
iour. Below the LCST, polymer chains are soluble, but when temperature increases, they
experience a hydrophilic-to-hydrophobic phase transition. In all cases, hydrophobic interac-
tions play a key role, which are associated to a dehydration process at the critical temperature.
Thus, the phase transition produces a loss of conformational entropy due to the aggregation
of grafted chain segments in an extended polymer network. This phenomenon is counterbal-
anced by the translational-entropy gain when water molecules are expelled out from the
excluded volume of the copolymers during phase separation.

Due to the polyelectrolyte nature of chitosan, all these materials are sensitive to changes in
both temperature and pH. A great variety of thermosensitive materials have been produced,
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Thus, the phase transition produces a loss of conformational entropy due to the aggregation
of grafted chain segments in an extended polymer network. This phenomenon is counterbal-
anced by the translational-entropy gain when water molecules are expelled out from the
excluded volume of the copolymers during phase separation.

Due to the polyelectrolyte nature of chitosan, all these materials are sensitive to changes in
both temperature and pH. A great variety of thermosensitive materials have been produced,
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such as nanostructures, micelles, membranes, hydrogels, cryogels and paramagnetic beads, to
cite some of them. These characteristics make them susceptible to be used in advanced and
exciting technological applications such as sensors, actuators, controllable membrane for
separations and in biomedical and biotechnological fields including drug delivery and tissue
engineering (Figure 5).

Figure 5. Chemical structure of (a) chitosan-g-PNIPAm, (b) chitosan-g-PVCL copolymers and some of their key applica-
tions.
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Abstract

Chitin and chitosan are widely found in nature. Chitin can be obtained from fungi and
in the lower animals. Chitosan can be derived from chitin. The process of chitosan
derivation  from  chitin  is  called  deacetylation.  Chitosan  is  non-toxic,  odourless,
biocompatible in animal tissues and enzymatically biodegradable. It has found many
applications  in  the  fields  of  cosmetics,  wound  healing,  dietetics  and  waste-water
treatment. Chitosan holds many promising potentials, but its inability to dissolve in
many of the common solvents has restricted its application. Hence, chitosan has been
modified, and there are now many derivatives of chitosan. In the current chapter, we
discuss chitosan and only the phthaloyl chitosan derivative. Their applications in several
electrochemical devices are also discussed.

Keywords: chitosan, phthaloyl chitosan, conductivity, batteries, solar cells, supercapa-
citors, fuel cells

1. General characteristics

Nature contains many types of polysaccharides. One of the important polysaccharides is chitin.
Chitin can be obtained from crabs, shrimps and other sea creatures. Chitin can also be derived
from insects and algae. Chitosan is the product that can dissolve in dilute acids after chitin has
been deacetylated for a sufficient amount of time [1, 2]. Chitosan is a linear polysaccharide.

In nature, chitosan can also be found in some fungi, diatoms, sponges, worms and molluscs
[3]. Both chitin and chitosan are versatile and promising biomaterials.

The dilute acids that can dissolve chitosan include dilute acetic, hydrochloric, formic and
butyric acids [4]. Chitosan is biodegradable, biocompatible, odourless and non-toxic. The

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



linear polysaccharide also has the ability to form thin films, is resistant to chemical attack, has
electrolytic properties, easy to cross-link or modify and has antibacterial property [5–7].

Chitosan has found uses in waste-water processing [8, 9], medicine for wound healing and
dietetics [10, 11], agriculture [12], reverse osmosis, food industry [13–15] and also in cosmetics
[16–18]. In this article, emphasis is on chitosan and chitosan-derived materials as hosts for ionic
conduction.

The utilization of chitosan in energy devices depends on its chemical and mechanical proper-
ties. Chitosan films are good liquid absorbers. Thus, chitosan can achieve good ionic conduc-
tivity when immersed in liquid electrolytes. This is important for energy storage devices.
However, when swollen, chitosan becomes less stable.

A chitin monomer has an amide functional group, HNCOCH3, the infrared (IR) transmission
peak is located at 1650 cm−1. This has been partially replaced by the amine functional group,
when chitin was deacetylated. The IR peak for the –NH2 group is located at 1590 cm−1 in the
chitosan spectrum. There is only one –NH2 functional group in the chitosan monomer. The
nitrogen atom in the amine group is an electron donor. So is the oxygen atom in the hydroxyl
(–OH) functional group. There are two –OH groups in each monomer [19]. The free amine and
hydroxyl functional groups allow chitosan to be altered chemically for specific applications.
The –NH2 group provides attachment for coordination or chelation of cations from organic/
inorganic salts. Coordination of, for example, LiCF3SO3 [20] with N atom of the reactive
functional group enables the formation of complexes that can function as an electrolyte
material. Chitosan has a carboxyl group at 1650 cm−1 and NH3

+ peak at 1514 cm−1. According
to Ritthidej [21], the NH3

+ peak can disappear from the spectrum on storage of the film.

Chitosan has good film or membrane-forming ability. This is an advantage since most of the
polymer electrolytes are prepared in film form via the solution cast technique [20, 22]. In
forming a polymer electrolyte film, the cation of the salt must coordinate electrostatically with
the electron donor atom of the polymer. The chitosan-based electrolyte films are homogeneous
and have high mechanical strength [23, 24].

According to Sakurai and co-workers [24, 25], chitosan is not a totally amorphous polymer.
From wide angle X-ray diffraction (WAXD), it is observed to be partially crystalline. These
authors, however, did not investigate the effect of adding salt or plasticizer to chitosan. Alves
et al. [26] reported that pure chitosan has a broad band centred at 2θ ≈ 20.6° and X-ray
diffraction (XRD) patterns change with salt addition. This band implies the amorphous
structure of the chitosan-based electrolytes indicating that the polymer chains are essentially
disordered. The XRD patterns also exhibited changes depending on the salt concentration.
According to Kurita et al. [27], a fully deacetylated chitosan is even more amorphous than that
deacetylated up to 95%.

Muzzarelli has reported that chitosan decomposes in air at elevated temperatures [28]. The
glass transition temperature, Tg, of the chitosan biopolymer was successfully observed by
Sakurai and co-workers [25]. Using differential scanning calorimetry (DSC), they reported Tg

at 203°C. According to Dong et al. [29], chitosan has a Tg between 140 and 150°C. The re-

Biological Activities and Application of Marine Polysaccharides304



linear polysaccharide also has the ability to form thin films, is resistant to chemical attack, has
electrolytic properties, easy to cross-link or modify and has antibacterial property [5–7].

Chitosan has found uses in waste-water processing [8, 9], medicine for wound healing and
dietetics [10, 11], agriculture [12], reverse osmosis, food industry [13–15] and also in cosmetics
[16–18]. In this article, emphasis is on chitosan and chitosan-derived materials as hosts for ionic
conduction.

The utilization of chitosan in energy devices depends on its chemical and mechanical proper-
ties. Chitosan films are good liquid absorbers. Thus, chitosan can achieve good ionic conduc-
tivity when immersed in liquid electrolytes. This is important for energy storage devices.
However, when swollen, chitosan becomes less stable.

A chitin monomer has an amide functional group, HNCOCH3, the infrared (IR) transmission
peak is located at 1650 cm−1. This has been partially replaced by the amine functional group,
when chitin was deacetylated. The IR peak for the –NH2 group is located at 1590 cm−1 in the
chitosan spectrum. There is only one –NH2 functional group in the chitosan monomer. The
nitrogen atom in the amine group is an electron donor. So is the oxygen atom in the hydroxyl
(–OH) functional group. There are two –OH groups in each monomer [19]. The free amine and
hydroxyl functional groups allow chitosan to be altered chemically for specific applications.
The –NH2 group provides attachment for coordination or chelation of cations from organic/
inorganic salts. Coordination of, for example, LiCF3SO3 [20] with N atom of the reactive
functional group enables the formation of complexes that can function as an electrolyte
material. Chitosan has a carboxyl group at 1650 cm−1 and NH3

+ peak at 1514 cm−1. According
to Ritthidej [21], the NH3

+ peak can disappear from the spectrum on storage of the film.

Chitosan has good film or membrane-forming ability. This is an advantage since most of the
polymer electrolytes are prepared in film form via the solution cast technique [20, 22]. In
forming a polymer electrolyte film, the cation of the salt must coordinate electrostatically with
the electron donor atom of the polymer. The chitosan-based electrolyte films are homogeneous
and have high mechanical strength [23, 24].

According to Sakurai and co-workers [24, 25], chitosan is not a totally amorphous polymer.
From wide angle X-ray diffraction (WAXD), it is observed to be partially crystalline. These
authors, however, did not investigate the effect of adding salt or plasticizer to chitosan. Alves
et al. [26] reported that pure chitosan has a broad band centred at 2θ ≈ 20.6° and X-ray
diffraction (XRD) patterns change with salt addition. This band implies the amorphous
structure of the chitosan-based electrolytes indicating that the polymer chains are essentially
disordered. The XRD patterns also exhibited changes depending on the salt concentration.
According to Kurita et al. [27], a fully deacetylated chitosan is even more amorphous than that
deacetylated up to 95%.

Muzzarelli has reported that chitosan decomposes in air at elevated temperatures [28]. The
glass transition temperature, Tg, of the chitosan biopolymer was successfully observed by
Sakurai and co-workers [25]. Using differential scanning calorimetry (DSC), they reported Tg

at 203°C. According to Dong et al. [29], chitosan has a Tg between 140 and 150°C. The re-

Biological Activities and Application of Marine Polysaccharides304

searchers also found that the number of alkali treatments or the degree of deacetylation of
chitosan does not influence the Tg.

Figure 1. Reaction of N-phthaloylation.

Figure 2. Chemical structure of (a) chitin, (b) chitosan and (c) phthaloyl chitosan.

As mentioned above, in swollen form, chitosan loses its mechanical strength. To overcome this,
chitosan has been blended, cast in multilayers or added with inorganic/organic supports. Even
then, its utilization is still restricted because of its poor solubility in many of the common
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solvents such as alkali, organic solvents and water. Hence, to make chitosan soluble in other
solvents, it needs to be modified. This can be done by several processes such as acylation and
phthaloylation. Phthaloylation is discussed here. Phthaloyl chitosan dissolves in dimethyl-
sulfoxide (DMSO), dimethylacetamide (DMAc), dimethylformamide (DMF) and pyridine [30].

Unlike chitosan, the IR spectrum of phthaloyl chitosan exhibits characteristic peaks at 719, 1708
and 1772 cm−1. Proton NMR (Nuclear Magnetic Resonance) exhibits peaks at 3.0 and 7.5 ppm
[30]. Aziz et al. [31] reported that the diffractogram of phthaloyl chitosan showed only one
broad peak at around 2θ = 18°. Phthaloyl chitosan can be considered as chitosan stripped off
its hydrogen atoms, except for the hydrogen in hydroxyl group. It is therefore less rigid than
chitosan since inter- and intra-hydrogen bonding have been removed. In the synthesis of
phthaloyl chitosan, chitosan and phthalic anhydride were refluxed for 6 h between 100 and
120°C in dimethylformamide (DMF) and nitrogen environment. The temperature was then
reduced to 60°C, and the mixture was left overnight. To precipitate out the product, the solution
was poured into iced water. The product, N-phthaloyl chitosan (PhCh), was then washed with
ethanol and dried in vacuum at 60°C. The synthesis process is shown in Figure 1. The chemical
structures of chitin, chitosan and phthaloyl chitosan are shown in Figure 2.

2. Ionic conductivity

An important characteristic that any electrolyte should have is high ionic conductivity
especially at room temperature. In polymer electrolytes, ionic conductivity is attributed to the
motion of cations and anions of the doping salt. However, in polymers, both crystalline and
amorphous phases exist and ionic conductivity can only occur in the amorphous phase. Hence,
if the electrolyte is more amorphous, then more ions can be conducted through the enlarged
amorphous region and the conductivity enhanced. The increased amorphousness of the
electrolyte can be achieved through several ways. One such way is through doping the polymer
with salt. Depending on the salt concentration, some portion of the crystalline phase of the
polymer can be disrupted. Increasing the salt concentration can increase amorphousness, but
to a certain extent. It has been observed that beyond a particular salt content and for a fixed
polymer mass, the salt cannot be totally dissolved in the polymer, and the X-ray diffractogram
showed peaks due to the salt [32].

The amorphousness of the electrolyte can also be increased by adding additives such as
plasticizers and inert fillers. The plasticizers should have a high dielectric constant and low
viscosity. The high dielectric constant helps to dissociate the salt into ions and probably also
to dissociate contact ions. The low viscosity is required to promote ion mobility, which will be
reduced if the viscosity of the plasticizer is high. The two additives also provide additional
pathways for ionic conduction and this is manifested in the smaller activation energy or
pseudo-activation energy of the chitosan (Ch) and PhCh ionic conduction hosts. Table 1 lists
representative of the conductivity value of some plasticized Ch- and PhCh-based electrolytes.

According to Croce et al. [34], plasticization can ensure conductivity of polymer electrolytes
to achieve appreciable values at ambient temperature. However, plasticization deteriorates the
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mechanical strength of the ion-conducting medium. Plasticization can also increase the
electrolyte’s reactivity towards lithium metal anode. The authors have also shown that inert
metal oxides such as Al2O3, SiO2 and TiO2 can act as solid plasticizers or fillers to enhance ionic
conductivity without sacrificing dimensionality of the electrolyte. The fillers must be inert to
the contents of the polymer electrolyte. Xiao et al. [35] have investigated the influence of
multiwall carbon nanotubes (MWCNTs) on chitosan/cellulose. Conductivity was enhanced on
addition of MWCNT. To our knowledge, works concerning filler addition to Ch- and PhCh-
salt complexes are scarce. Thus, this could be another area of research that could be carried
out to complement work on electrolytes based on Ch and PhCh.

Sample σRT/S m−1 ε η/mPa s References

Ch- LiCF3SO3 1.70 × 10−3 – – [32]

Ch-LiTSFI 2.00 × 10−3 – – [33]

Ch-EC-LiCF3SO3 4.00 × 10−3 89 (EC) 1.90 (EC) [22]

Ch-SN-LiTSFI 6.00 × 10−2 55 (SN) 1.69 (SN) [33]

PhCh-TPAI-LiI 0.61 – – [30]

PhCh-NH4SCN 2.42 × 10−3 – – [31]

PhCh-EC-DMF-TPAI-I2 0.55 37 (DMF) 0.80 (DMF) [30]

EC = ethylene carbonate, DMF = dimethylformamide, SN = succinonitrile, LiCF3SO3 = lithium triflate, LiTSFI = lithium
bis (trifluoromethylsulfonyl) imide, TPAI = tetrapropylammonium iodide.

Table 1. Room temperature conductivity (σRT) of Ch- and PhCh-based electrolytes, dielectric constant (ε) and viscosity
(η) of the plasticizers.

Aziz et al. have prepared proton-conducting electrolytes based on phthaloylated chitosan that
was incorporated with NH4SCN as the doping salt [31]. The highest room temperature
conductivity was 2.42 × 10−3 S m−1 for the 30 wt.% salt-containing sample.

Muthumeenal et al. have measured the conductivity of polyethersulfone/phthaloyl chitosan
blend electrolyte dissolved in concentrated sulphuric acid. The highest room temperature
conductivity achieved was 92 × 10−2 S m−1 [36]. The high H+ conductivity can be attributed to
the sulfonic acid groups and the presence of the polar groups in PhCh.

Azzahari et al. determined the conductivity of PhCh-iodide-mixed salt (LiI, CsI and BMII) gel
polymer electrolyte systems using the method of electrochemical impedance spectroscopy
[37]. They have also predicted the conductivity of the systems using response surface meth-
odology and artificial neural network. The authors showed that artificial neural network gave
a better prediction than response surface methodology.

Ionic transport in polymer electrolytes can be explained using the Lewis acid-base reaction
theory [38]. In this theory, bases donate electron pairs and acids accept them. The oxide and
hydroxide groups on the filler provide additional sites (apart from the heteroatoms in the
polymer chain) for interaction with the cations of the salt and indirectly form conduction paths
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for the transport of ions via Lewis acid-base interactions between the O/OH groups on the
surface of the filler and the ionic species. Dissanayake et al. [39] and Jayathilaka et al. [40] have
demonstrated this concept through the conductivity enhancement of the electrolytes with the
addition of fillers.

3. Transference number measurement (TNM)

Transference number is a parameter indicating as to how much an ionic species contribute
to the overall conductivity of the electrolyte. Knowing the transference number, one can tell
whether the major contributor towards the conductivity is the cation or anion. It can be
expected and proven that chitosan-based polymer electrolytes are ionic conductors. Osman
et al. [22] reported that the conductivity of a chitosan electrolyte comprising LiCF3SO3 as the
ion source and ethylene carbonate (EC) as the plasticizer was in the order of 10−3 S m−1. The
ionic transference number obtained was 0.9. Aziz et al. [31] also measured the TN of PhCh-
NH4SCN.

Although these electrolytes are ionic conductors, it is vital to know, for some applications,
whether the major contributor to the overall conductivity is the cation or anion. Work on this
aspect for Ch- and PhCh-based electrolytes is scarce although there are some reports on the
subject [41]. For battery application, it is appreciated that these electrolytes be major cationic
conductors and for dye-sensitized solar cells (DSCCs) with I−/I3− redox mediators, I− transport
is more important than the cation transport.

4. Application in electrochemical devices

Ch and PhCh have been used to host ionic conductivity in batteries, supercapacitors, dye-
sensitized photovoltaics and fuel cells. Critical review on Ch as integrative biomaterial for
microdevices has been done by Koev et al. [42]. Here, we discuss application of the Ch and
PhCh materials in the electrochemical devices.

4.1. Chitosan in batteries

Some battery characteristics fabricated with Ch-based electrolytes are listed in Table 2.

Jia et al. [46] developed a Ch electrolyte that was incorporated with a biocompatible choline
nitrate [Chl][NO3] ionic liquid that possessed negligible vapour pressure, low viscosity and
flammability as well as high ionic conductivity and electrochemical stability. They have
demonstrated a compact bio-battery system with the use of this thin-film gel chitosan-choline
nitrate electrolyte. A magnesium alloy anode and a polypyrrole-para(toluene sulfonic acid)
cathode were used. Some characteristics of the cell are listed in Table 3. It was reported that
the gel electrolyte was also mechanically robust.
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Electrolyte σ (S m−1) Voc (V) Q P References

Ch:NH4NO3:EC*

18:12:70 (wt.%)

0.99 1.56 17 mA h 8.70 mW cm−2 [43]

PVA:Ch:NH4NO3:EC*

10.8:7.2:12:70 (wt.%)

0.16 1.64 38 mA h 9.47 mW cm−2 [44]

Ch:choline nitrate# 10−2 to 1 depends on choline nitrate content 1.80 1.76 mA h 3.9 mW cm−3 [45]

Ch-SN-LiTSFI 6.00 × 10−2 4.2 142 m Ah g−1 468 mWhg−1 [33]

*Zn+ZnSO4.7H2O//MnO2
#Mg//Ppy: cell area assumed 1.1 cm2.

Table 2. Battery characteristics, electrolyte conductivity, open circuit voltage (Voc), capacity (Q) and power density (P).

Material Conductivity

(S m−1) 

Selectivity index 

(S s m−3)

Methanol permeability

(m2 s−1)

References

PCh 2 1.25 × 1010 1.62 × 10−11 [57]

Ch/Cs2-PTA-5 wt.% 0.6 1.1 × 1010 5.6 × 10−11 [49]

Ch flakes – – 3.1 × 10−10 (20°C) [58]

Ch/15 wt.% mordenite/30 wt.% sorbitol/60 – – 4.9 × 10−11 [59]

Ch-40 wt.% HO3SY 2.07 2.3 × 1010 9.04 × 10−11 [60]

Ch-zeolite 1.75 1 × 10−10 [61]

Ch/PMA 1.5 5.6 × 1010 2.7 × 10−11 [62]

GS-Ch/PVP 2.4 7.3 × 10−12 [63]

CGS-12/Nafion 112 7.5 ~2 × 1011 (25°C) ~4 × 10−11 [64]

Ch/SHNT 1.88 (25°C) 2 × 1010 9.2 × 10−11 [65]

Ch/sodium alginate (3:1) 4.2 – 4.6 × 10−12 [66]

Table 3. Material characteristics for DMFC.

Apart for application as host for ionic conductors, chitosan was also used as a binder material
for battery cathodes. Prasanna et al. [47] have investigated the potential of Ch as a binder
material for the fabrication of cathode in lithium ion batteries. The cathode-active material was
LiFePO4. The cathode fabricated with chitosan binder showed a high ionic conductivity
compared to the LiFePO4 cathode with poly(vinylidene difluoride) binder. The lithium ion cell
fabricated with the cathode using chitosan binder also exhibited a discharge capacity higher
than the cell with poly(vinylidene difluoride) binder by ~32 mAh g−1. The capacity retention
after 30 cycles for the cell with chitosan binder was ~98.4% and that of the cell with PVDF
binder was ~85%.
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4.2. Chitosan in electrical double-layer capacitors (EDLCs)

Arof et al. [48] have prepared an electrolyte for electrical double-layer capacitor (EDLC) study.
The electrolyte comprised a chitosan/iota (i)-carrageenan-blended polymer with H3PO4 as the
proton source and plasticized with poly(ethylene glycol) (PEG). The highest conducting
sample has conductivity of 6.29 × 10−2 S m−1 at room temperature. This electrolyte contained
equal amounts of chitosan and i-carrageenan (37.5% by weight), 18.75 wt.% H3PO4 and 6.25
wt.% PEG. This electrolyte was used as separator cum electrolyte in an EDLC. The discharge
showed stability for 30 cycles.

Apart from being used to host ionic conduction, chitosan has been used to produce activated
carbon (AC) [49]. The AC has high specific surface area of ≈ 3500 m2 g−1. This is higher than the
surface area of AC derived from durian shell [45]. The EDLC fabricated with the chitosan-
based AC exhibited a capacitance of 338 F g−1 at 2 mV s−1 scan rate. The charge-discharge curves
showed an inverted ‘V’ shape indicating excellent EDLC performance.

Izabela Stepniak et al. [7] have prepared a Ch/chitin-based membrane for use in an EDLC. To
enable the membrane to host Li+ ion conduction, the membrane was soaked in lithium acetate
(LiOAc) solution. The researchers also fabricated an EDLC with Ch-LiOAc electrolyte for
comparison. The specific discharge capacitances of the EDLCs with films of Ch/chitin and Ch
were 96 and 87 F g−1, respectively. On comparing the first and 10,000th charge/discharge
characteristics for the EDLC with the Ch/chitin membrane, it was observed that the device
showed excellent capacity retention. The inverted ‘V’ shape of the charge/discharge curves
and the almost ‘rectangular’ shape of the cyclic voltammogram of the EDLC with Ch/chitin
membrane confirm the excellent symbiotic nature among the materials in the cell. From this
work, it can be inferred that Ch has potential for use as a host material in EDLC electrolyte. Its
performance can be improved by blending with chitin extracted from Ianthella basta sponge.

4.3. Chitosan in polymer electrolyte fuel cells (PEFCs)

Application of chitosan electrolyte in fuel cells is a demanding task. Chitosan is receiving a lot
of attention as materials for bioelectrolytes and electrodes [45]. Membrane is the core compo-
nent of polymer electrolyte fuel cells (PEFCs). The search for low-cost, efficient and stable
polymer electrolyte has led researchers to study the chitosan biopolymer electrolyte as
alternative candidate for possible production of cheaper fuel cells. Vaghari et al. [51] have
written an informative review on the use of chitosan-based electrolytes for fuel cells.

Glutaraldehyde cross-linked N-[(2-hydroxy-3-trimethyl-ammonium) propyl] chitosan
chloride was blended with crosslinked quaternized PVA [18]. Quaternized PVA has a low
mechanical strength and blending with the chitosan derivative improved their performance.

Majid and Arof [52] have applied chitosan-based electrolytes in PEFCs. The electrolyte systems
comprise Ch, H3PO4 and Al2SiO5. The open-circuit voltage of the PEFCs was 0.9 V and the room
temperature current density was greater than 200 A m−2. This again showed that chitosan can
be used to host ionic conductivity for fuel cell application.
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Wan et al. [53] studied the ionic conductivity of chitosan electrolytes with different molecular
weights and degree of deacetylation. They have proposed that chitosan can be used as
electrolyte material for alkaline fuel cells.

Wang et al. [54] have incorporated quaternized chitosan with polystyrene. Tensile strength
improved and the composite also showed better tolerance to bases. However, ionic conduc-
tivity decreased with polystyrene content.

A good direct methanol fuel cell (DMFC) should be fabricated with a polymer electrolyte
membrane that only allows a low methanol permeability. Nafion membrane allows a high
methanol crossover. Chitosan with desirable proton conductivity has been used in DMFCs
[55]. The chitosan electrolyte was added with salt and plasticized for conductivity enhance-
ment [56]. However, excessive water uptake can make the membranes fragile and less robust
for fuel cell application. Table 3 lists some materials based on chitosan for DMFC.

In Table 3, PCh-G1h is a blend of poly(vinyl alcohol) and chitosan with PVA/Ch weight ratio
of 90/10 cross-linked in glutaraldehyde for 1 h [57]. Cs2-PTA is Cs2HPW12O40. Ch/Cs2-PTA-5
wt.% is chitosan doped with 5 wt.% caesium phototungstate salt [49]. Ch flakes [58] were
prepared from chitin. The power density of the DMFC with the chitosan flakes is 27.78 W m−2.
The Ch/15 wt.% mordenite/30 wt.% sorbitol/60 was prepared at 60°C [59]. The hybrid mem-
brane in [60] consisted of Ch and –SO3H-modified zeolite. Data shown are for 2.0 mol L−1

methanol concentration. Methanol permeability was observed to increase with the decrease in
zeolite size for the zeolite-filled chitosan membranes as reported in [61]. Ch/PMA [62] was
prepared by adding phosphomolybdic acid chitosan, both in solution form. The methanol
permeability is about one order of magnitude less than that of Nafion 117. Ch was blended in
poly(vinyl pyrrolidone) or PVP (Ch:PVP of 4:1). The polymer blend was cross-linked with
glutaraldehyde and sulphuric acid to form GS-Ch/PVP [63]. ChGS-12 is a structurally modified
chitosan membrane that was developed by the authors [64]. In ChGS-12/Nafion 112 membrane,
two layers of ChGS-12 were coated on Nafion 112 in order to synergize the low methanol
permeability of ChGS-12 with the higher proton conductivity of Nafion 112. ChGS-12 is
chitosan cross-linked with glutaraldehyde and sulfosuccinic acid. The maximum output
power density of the DMFC was 662.5 W m−2. SHNT [65] are halloysite nanotubes bearing
sulphonate polyelectrolyte brushes. SHNT was incorporated in Ch matrix. The proton
conductivity of CS/SHNT increases with SHNT content.

4.4. Chitosan in dye-sensitized solar cells (DSSCs)

Some examples of dye-sensitized solar cells using chitosan-based electrolytes are listed in
Table 4.

EMImSCN is 1-ethyl 3-methylimidazolium thiocyanate ionic liquid. It has low viscosity. DSSC
with 1-butyl-3-methylimidazolium iodide (BMII) used anthocyanin dye as the sensitizer.

As in studies on lithium ion batteries, chitosan was also used as a binder in TiO2 photoelectrode
of the DSSCs. The chitosan-based TiO2 paste was prepared by mixing nano-TiO2 particles in a
chitosan colloidal solution [71]. The dye used was N719 or Ru(dcbpy)2(NCS)2 and the concen-
tration was 0.5 mmol L−1 ethanol. The electrolyte comprised 1,2-dimethyl-3-propylimidazoli-
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um iodide with the I−/I3− redox mediator. The DSSC also contained 2.0% by weight of chitosan
in the photoanode and exhibited the highest photon conversion efficiency of 4.16%. The Voc,
Jsc and FF were 0.69 V, 10.15 mA cm−2 and 0.59, respectively. The amount of chitosan in the
photoanode influences the efficiency.

Electrolyte Dye Jsc (mA cm
−2) 

Voc (V) η (%) References

chitosan:NaI/I2 – 1.05 0.35 0.13 [67]

chitosan:NaI/I2 +150 wt.% EMImSCN – 2.62 0.53 0.73 [67]

11 wt.% chitosan-9 wt.% NH4I-80
wt.% BMII

ABR 0.90 0.36 0.15 [68]

11 wt.% chitosan-9 wt.% NH4I-80 wt.% BMII ARC*1 1.59 0.45 0.29 [68]

11 wt.% chitosan-9 wt.% NH4I-80 wt.% BMII ARC*2 2.09 0.62 0.38 [68]

11 wt.% (chitosan:PEO, wt. ratio 30:70)-9 wt.% NH4I-80
wt. % BMII

ARC*2 2.52 0.40 0.39 [68]

11 wt.% phthaloyl chitosan-9 wt.% NH4I-80 wt.% BMII ARC*2 3.47 0.36 0.43 [68]

11 wt.% (phthaloyl chitosan:PEO, wt. ratio 30:70)-9 wt.% NH4I-80 wt.
% BMII

ARC*2 3.50 0.34 0.46 [68]

12.02 wt.% phthaloyl chitosan-36.06 wt.% EC-36.06 wt.% DMF-14.42
wt.% TPAI-1.44 wt.% I2

N3 12.72 0.60 5.00 [30]

PhCh:EC:PC:TPAI:
LiI:I2

15.82:31.65:31:65:
18.99:0.00:1.90

N719 7.38 0.72 3.50 [69]

PhCh:EC:PC:TPAI:LiI:I2

15.82:31.65:31.65:15.82:3.16:1.90
N719 6.33 0.80 3.61 [69]

PhCh:EC:PC:TPAI:LiI:I2

15.82:31.65:31.65:12.66:6.33:1.90
N719 7.25 0.77 3.71 [69]

PhCh:EC:PC:TPAI:LiI:I2

15.82:31.65:31.65:9.49:9.49:1.90
N719 3.64 0.75 2.04 [69]

PhCh:EC:PC:TPAI:LiI:I2

15.82:31.65:31.65:6.33:12.66:1.90
N719 3.64 0.70 1.77 [69]

disulphide/thiolate MP 4.72 0.57 1.47 [70]

disulphide/thiolate MP 3.88 0.58 0.60 [70]

disulphide/thiolate MP 8.70 0.60 2.63 [70]

I2/NaI MP 5.40 0.62 1.75 [70]

I2/NaI MP 4.33 0.58 0.88 [70]

ABR: anthocyanin from black rice; ARC: anthocyanin from red cabbage; MP: mangosteen peel.
*1: in hydrochloric acid
*2: in tartaric acid

Table 4. Some characteristics of DSSCs with chitosan-based electrolytes.
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Maiaugree et al. [70] studied DSSCs using an organic disulphide/thiolate solution as the
electrolyte. The advantages of this electrolyte are its high transmittance and low corrosiveness.
These authors have compared counter-electrodes of Pt, PEDOT-PSS and mangosteen peel
carbon. DSSCs were also fabricated using these CEs, but liquid I2/NaI electrolyte.

5. Summary

As a summary, chitosan and its derivatives have potential for use as electrolytes or binders or
as a source for activated carbon. We have given some examples of such uses in this article.
Chitosan is a material useful for green technology.
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