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Chapter 1

A Novel Drug Delivery System 
Based on Nanoparticles of 
Magnetite Fe3O4 Embedded in an 
Auto Cross-Linked Chitosan
Damiri Fouad, Yahya Bachra, Grouli Ayoub,  
Amine Ouaket, Ahmed Bennamara, Noureddine Knouzi  
and Mohammed Berrada

Abstract

Recently, chitosan (CS) was given much attention as a functional biopolymer 
for designing various hydrogels for industrial, environmental and biomedical 
applications, but their biomedical use is limited due to the toxicity of the crosslinker 
agents. To overcome this inconvenience, we developed an auto cross-linked mate-
rial based on a chitosan backbone that carries an amino and aldehyde moieties. 
This new drug delivery system (DDS) was designed by using oxidized chitosan 
(OCS) that crosslinks chitosan (CS). In the first part, a simple, rapid, low-cost and 
eco-friendly green method was introduced to synthesize magnetite nanoparticles 
(Fe3O4-NPs) successfully. These nanoparticles Fe3O4 have received a great deal of 
attention in the biomedical field. Especially in a targeted drug delivery system, 
drug-loaded Fe3O4-NPs can accumulate at the tumor site by the aid of an external 
magnetic field and increase the effectiveness of drug release to the tumor site. In the 
second part, we have incorporated the Fe3O4-NPs into chitosan/oxidized chitosan 
solution because of their unique magnetic properties, outstanding magnetism, 
biocompatibility, lower toxicity, biodegradability, and other features. Three drugs 
(5-Fluorouracil (5-FU), Caffeine and Ascorbic acid)) were embedded into the 
magnetite solution that became quickly a hydrogel. The successful fabrication of the 
hydrogels and ferrogels was confirmed by (FT-IR), (TGA), (SEM), (VSM) analysis 
at room temperature. Finally, results showed that our hydrogels and ferrogels may 
be technologically used as devices for drug delivery in a controllable manner.

Keywords: magnetic nanoparticles, ferrogel, oxidized chitosan (OCS), chitosan 
(CS), controlled drug delivery

1. Introduction

Nowadays, the global increase in the number of people with chronic diseases 
as “cancer, diabetes, etc.” have affected the health and quality of life of many citi-
zens around the world. For example, cancer is considered a public health problem 
because of its high incidence and mortality. The World Health Organization (WHO) 
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estimates 27 million cases of cancer and 17 million deaths disease for the year 2030 [1]. 
Therefore, study on cancer treatment has attracted many scientists. Among therapies, 
cancer chemotherapy is widely used despite its disadvantages. Chemotherapy usually 
causes serious side effects because of the low selectivity of anti-cancer drugs, which 
affects not only cancer cells but also normal cells [2]. Thus, increasing attention is 
being paid to targeted drug delivery systems, which have been used to increase the 
efficiency of drug delivery to specific tissues and to decrease the associated side effects.

The most efficient solution is to use nanoparticles embedded in the hydrogel; 
this innovative-targeted drug delivery strategy involves coupling the drug to mag-
netic nanoparticles (NPs) that can be guided to the target using external magnetic 
fields [3]. Once they reach the target, the nanoparticles release the drugs under 
the influence of an alternating magnetic field [4]. Nanoparticle (NP) targeting has 
shown great potential for cancer drug delivery applications over the past decade. 
From nanoparticle targeting, magneto-particle have been widely studied because of 
their ability to target when an external magnetic field is applied [5].

An increasing population causes serious environmental pollution, waste produc-
tion is also increasing and major proportion of by-products generated by contem-
porary food remains underused which may often contain precious substances. The 
crucial problem confronting by industries and society in food processing is the 
elimination of food waste. Chitin is an important natural resource and the world’s 
annual production of it is approximately 1010–1012 tons [6]. This latter is princi-
pally produced by mollusks, arthropods (crustaceans and insects) and fungi [7]. 
However, chitin and its derivatives have a high economic impact due to their numer-
ous applications in the pharmaceutical [8], food [9, 10], cosmetics [11], textile [12], 
wastewater treatment and agricultural sectors [13].

In the past few decades, drug delivery systems (DDS) have been of great interest 
and resulted in many efforts to realize the effectiveness and targeted drug delivery 
tendency as well as to reduce the associated side effects [14]. However, DDS provide 
several advantages as compared to conventional dosages in terms of improved 
efficacy, reduced toxicity, improved patient compliance, and convenience [15]. 
Thus, the carriers used for drug release are generally biodegradable polymers which 
are extensively used for designing the control drug delivery systems [16].

On the other hand, with the rapid development of technology much attention 
has been given to use biopolymer based hydrogels in many applications including 
pharmaceuticals [17, 18], cosmetics [19], agriculture [20] and biotechnology [21, 
22]. However, porous biomaterials fabricated from natural polymers “chitosan” 
were given significant attention for years. Chitosan is a unique natural cationic 
biopolymer produced by N-deacetylation of chitin and is the second most abun-
dant natural polymer after cellulose [23]. Chitosan has been widely used in the 
biomedical field due to its superior properties including good biodegradability [24], 
biocompatibility [24], low toxicity [25, 26], mucoadhesive properties [27], anti-
bacterial activity [28] and low cost [24, 29]. Chitosan is an excellent candidate for 
different applications particularly it has been employed in various FDA (Food and 
Drug Administration) approved biomedical applications. The -NH2 group of the 
(CS) chains is a pH-sensitive polymer with pKa around 6.5 due to variation of charge 
density at the pH range of 6–6.5, which is useful for wide range of pharmaceuticals 
applications. The pH value of the soluble-insoluble transition in the range 6–6.5 
[30]. At pH levels beneath the pKa, high charge density of chitosan results in poly-
electrolyte formation, in contrast at neutral pH, the low charge density of chitosan 
eases the intracellular release of biomolecules and contributes to its low cytotoxicity 
[31]. Chitosan has increasingly been used in the pharmaceutical field as it is one of 
the excellent choices for the Schiff ’s base linkages to form an injectable hydrogel due 
to the nature of abundant amino groups on its backbone. Hydrogels from chitosan 
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are usually prepared through physical interchain interaction or chemical reaction 
of the free amine groups with crosslinker agents (e.g. glutaraldehyde, glyoxal [32]). 
The disadvantage of these crosslinking agents, especially glutaraldehyde [33], 
benzaldehyde [34] and glyoxal is their toxicity to human tissues even at small traces 
[35], which has limited the use of chitosan hydrogels as scaffolds for drug delivery.

However, this paper discusses the recent trends in drug delivery systems (DDS) 
applications using macroscopic hydrogels. Hydrogel has received extensive atten-
tion due to its interconnected cross-linked porous hydrophilic polymer networks 
which can absorb large amounts of water or biological fluids. Additionally, hydro-
gels can be divided into three categories according to their size: macroscopic gels, 
nanogels (<200 nm), and microgels (0.5–10 μm). Hydrogels are promising, fashion-
able, intelligent and “smart” drug delivery vehicles that meet specific requirements 
for targeting drugs to specific sites and controlling drug release. The hydrogel-based 
drug carrier loaded with 5-fluorouracil (5-FU) drug for an up to 36 days sustained 
delivery has been studied by Xueyun Chen et al. [36].

Hydrogels are trendy, promising, intelligent and ‘smart’ drug delivery vehicles 
have become a great search field for targeting drugs to the specific sites and control-
ling drug release. Among several hardware platforms, ferrogels (FG) have a high 
potential for use in drug delivery. Ferrogels (FG) are consisting mainly of a polymer 
matrix embedded with magnetic micro and nano-particles (Fe3O4) [37–39]. Upon 
the application of an external magnetic field, the polymer matrix of the ferrogel can 
deform due to the magnetic force generated by the embedded magnetic particles, 
which would allow actuation and magnetically driven drug release on demand. The 
main advantage of ferrogels is that a larger quantity of drug can be loaded, com-
pared to that transported by simple magnetic dispersion nanoparticles.

Ferrogel (FG) are typically prepared by incorporating magnetic particles into 
hydrogels [40]. Magnetic nanoparticles (Fe3O4) shown in Figure 1, have attracted 
much attention in the last few years as carriers for drug delivery systems. The 
potential use of nanoparticles as drug carriers has been presented in recent years as 
a major challenge, as nanoparticles have been designed to improve pharmacological 
and therapeutic effects in terms of reducing their toxic side effects. Besides, mag-
netite (Fe3O4) is considered as an important type of magnetic material with cubic 
inverse spinel structure. This property makes it very interesting because of its wide 
field of use, including magnetic recording, ferrofluid [41], catalyst [42] and some 
biomedical applications like magnetic resonance imaging (MRI) [43], bio separa-
tion [44], in addition to drug delivery system and therapeutic hyperthermia as well, 
to treat cancer and tumors [45]. Several methods have been developed recently 

Figure 1. 
Model of crystal structure of magnetite (Fe3O4) and spherical Fe3O4 nanoparticles.
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for preparing magnetic nanoparticles, such as co-precipitation [46], sol–gel [47], 
solvothermal [48], sonochemical and chemical vapor deposition phase (CVD) [49]. 
Among these methods, co-precipitation is considered as the simplest, most effi-
cient, and most economic method.

Ferrogels characterized by the presence of magnetic particles incorporated in 
polymer gels, are the subject of extensive research due to those magnetic particles and 
magnetic fields which have an extended application and clinical acceptance [50, 51]. 
Recent studies have shown controlled release of many drugs from ferrogels subject to 
magnetic fields [52, 53]. Ferrogels (FG) have made also injectable and biodegradable. 
However, typical drug delivery ferrogels have a disadvantage due to the cross-linking 
agent toxicity, which limits the macroporous biomaterials synthesis [37].

There are only a few reports in the literature on the synthesis of Fe3O4 by co-
precipitation method. In this paper, a macroporous ferrogel which is sensitive to 
magnetic field was studied. Furthermore, we are probably the first scientific team 
that reports the preparation of novel hydrogels and ferrogels based on chitosan and 
oxidized chitosan as cross-linking agent embedded Fe3O4/drug (5-FU, caffeine and 
ascorbic acid). Figure 2 shows the magnetic drug delivery system under the influ-
ence of external magnetic field. The kinetics and in-vitro drug release profile of the 
drugs were studied in PBS pH (7.4) buffered solution at 37°C.

2. Materials and methods

2.1 Materials

Chitosan (in powder form was prepared in our laboratory from exoskeletons 
of shrimp waste and purified, with degree of deacetylation >90% was deter-
mined by conductimetric titration), iron (II) sulfate heptahydrate (FeSO4.7H2O, 
sigma-Aldrich), iron (III) chloride (FeCl3.6H2O, Sigma-Aldrich), Caffeine (sigma-
Aldrich), 5-Fluorouracil (sigma-Aldrich), Ascorbic acid (Fluka), Sodium metaperi-
odate (NaIO4, sigma-Aldrich), Hydrochloric acid (sigma-Aldrich), Ethylene glycol 
(sigma-Aldrich), Acetic acid (sigma-Aldrich), Sodium bicarbonate (Panreac), 
Sodium hydroxide (Sigma-Aldrich).

Figure 2. 
Schematic representation of magnetic drug delivery system under the influence of external magnetic field.
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2.1.1 Synthesis of oxidized chitosan (OCS)

Oxidized chitosan (Figure 3) was prepared according to a previously reported 
method [54, 55]. The purified chitosan (1 g) ([GlcN] = 5.34 mM) was dispersed in 
50 ml Hydrochloric acid solution HCl (10−3 M) at pH ranging from 4 to 5, and kept 
under magnetic stirring at 4°C for 30 min. Then 1 ml aqueous solution of sodium 
periodate 0.534 mM, P0 = 0.1 (P0 = moles of NaIO4 x moles of GlcN) was added 
to the mixture. The reaction system was covered with aluminum foil to prevent 
photo induced decomposition of periodate ion. The reaction lasted for 30 min at 
4°C and it was interrupted by the addition of 1 ml ethylene glycol to inactivate any 
unreacted periodate in a molar ratio of 1:1. The oxidized derivative was washed by 
distilled water for 5 h and the dry product was obtained by freeze-drying.

2.1.2 Preparation of oxidized chitosan (OCS)/chitosan (CS) hydrogels

The procedure for preparation of the hydrogel was as follows: chitosan (0.1 g) 
was dispersed in 10 ml of (1% acetic acid) at pH = 4.8 in an ice bath under 
magnetic stirring until a clear solution was obtained. Afterwards, the drug (5-FU 
10 mg, Caffeine 10 mg or Ascorbic acid 10 mg) was added into the solution and 
gently stirred until the complete dissolution for 30 min. The oxidized chitosan 
(60 mg) was added to the solution of chitosan soluble drug under continuous 
stirring to facilitate crosslinking between amino of chitosan (NH2) and aldehyde 
groups of chitosan (OCS). Then the 6% (w/v) NaHCO3 solution was slowly 
added to the solution in an ice bath under magnetic stirring to get homogeneous 
mixture at pH = 7 [56], and a transparent gel was obtained as shown in Figure 4. 
The hydrogel was washed with ethanol, and filtered to remove traces of unre-
acted reagents.

Figure 3. 
Schematic representation of reaction between chitosan (CS) by sodium periodate.

Figure 4. 
Schematic representation of the chemical (CS)/(OCS) cross-linking mechanism and the formation of the 
hydrogel.
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Figure 6. 
Representation of superparamagnetic drug delivery hydrogel.

2.1.3 Synthesis of magnetite nanoparticles (Fe3O4) by co-precipitation

According to the previous work, magnetite (Fe3O4) nanoparticles were synthe-
sized by chemical co-precipitation method. Magnetic Fe3O4 NPs were synthesized 
by dissolving 50 mL of FeCl3.6H2O and 25 mL of FeSO4.7H2O in 350 mL of distilled 
water under nitrogen atmosphere under vigorous stirring. Upon addition of (35 ml) 
NaOH, the pH was adjusted to about 10, the solution turned black, indicating the 
formation of magnetite nanoparticles. Further stirring is continued for 1 h to uni-
formly disperse the magnetic nanoparticles. After raising the reaction temperature 
to 80°C. Then, a formed black precipitate was collected with an external magnet, 
washed several times with ethanol and distilled water, and dried in vacuum at 60°C. 
The entire reaction is given by the equation as shown in Figure 5.

2.1.4 Synthesis of ferrogel

Firstly, chitosan solution was prepared by dissolving 0.1 g chitosan (CS) in 
10 mL acetic acid solution (1%). 50 mg iron oxide nanoparticles were mixed with 
chitosan solution and stirred for 2 h at 40°C to give chitosan coated magnetic 
nanoparticles (CS-Fe3O4). Then, the drug (5-FU 10 mg, Caffeine 10 mg or Ascorbic 
acid 10 mg) was added into the solution (CS-Fe3O4) and gently stirred for 30 min. 
60 mg of oxidized chitosan (OCS) was added as crosslinking agent and were mixed 
with (CS-Fe3O4) solution. The reaction mixture was stirred at 0°C for 3 hours. The 
pH of the solution was adjusted to pH = 7 with 6% (w/v) NaHCO3. The product 
(CS-Fe3O4-OCS) was washed with deionized water. Figure 6 shows a representation 
of the prepared drug delivery ferrogel.

2.1.5 Fourier transform infrared (FTIR) spectra of hydrogel

Fourier transform infrared (FTIR) spectra of the chitosan, oxidized chito-
san, CS/OCS hydrogel, CS/drug/OCS lyophilized hydrogel, Fe3O4 NPs and the 

Figure 5. 
Representation of superparamagnetic magnetite nanoparticles synthesis technique.
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freeze-dried CS/Fe3O4/OCS ferrogel were obtained from discs containing 2.0 mg 
dry sample in approximately 198 mg potassium bromide (KBr). The measurements 
were recorded by a Perkin–Elmer FTIR spectrophotometer at the resolution of 
4 cm−1 in the wave number region 400–4000 cm−1.

2.1.6 Thermogravimetric (TGA) analysis

The thermal properties of lyophilized hydrogel, pure chitosan, oxidized chi-
tosan, Fe3O4 NPs and CS/Fe3O4/OCS lyophilized ferrogel were investigated by 
thermogravimetric analysis (TGA). Samples were placed in the balance system and 
heated from 40 to 800°C at a heating rate of 10°C/min using a TA Instruments TGA 
(Q500) device.

2.1.7 Magnetization studies using (SQUID) analysis

The saturation magnetization of Fe3O4 NPs, CS-Fe3O4-OCS ferrogel was 
measured by vibrating sample magnetometer VSM (SQUID model MPMS XL 7) 
from Quantum at room temperature between magnetic fields of −14,000 (Oe) to 
14,000 (Oe).

2.1.8 Scanning electron microscopy (SEM)

The chitosan-based hydrogels cross-linked with oxidized chitosan was frozen at 
−75°C for 24 h and then lyophilized (by Alpha 1–2 LDplus) for 48 h. The lyophilized 
sample was obtained and then examined by a scanning electron microscopy (SEM) 
(Mini SEM Hirox SH-4000).

2.1.9 Hydrogel swelling

Freeze-dried CS/OCS hydrogel were immersed in phosphate-buffered saline 
(PBS) at 37°C (pH = 1.2, pH = 5.8 and pH = 7.4). The samples were weighed before 
being put into PBS (W0). After the vial was sealed and held at 37°C for 24 h, and 
the excess solution on the surface of the hydrogels was quickly absorbed with filter 
paper [55]. The equilibrium-swelling ratio (SR) was calculated using the following 
equation:

 % ,−
= s d

d

W WSR
W

 (1)

where, Wd is the weight of dry hydrogel after lyophilization and Ws is the weight 
of swollen hydrogel.

2.1.10 In vitro drug release from the hydrogels and ferrogels

(5-FU, caffeine or ascorbic acid) was selected and used as a model drug in 
the release experiments. In vitro drug release test was performed in a phosphate 
buffer solution PBS (pH 7.4 at 37°C) under shaking. The hydrogels and ferrogels 
(m = 1.14 g) (3 cm x 4 cm) were placed in a cartouche before immersing in 
1000 mL of phosphate-buffered saline (PBS). At predetermined time intervals, 
5 mL of release medium was withdrawn. Then 5 mL of fresh buffer was added 
to the original to maintain the total volume. The drug release was determined by 
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UV–Vis spectrophotometry at λmax (5-Fluorouracil (266 nm), caffeine (273 nm) 
and ascorbic acid (265 nm)). The concentration of the active ingredient in  
the (PBS, pH = 7.4 at 37°C) has been achieved from the calibration curve, and 
the amount of drug released at time t (Mt) was calculated by accumulating the 
total active ingredient release up to that time. In vitro drug release tests were 
performed in triplicate (n = 3). There are a few steps, which mainly control 
drug release phenomena from the polymer matrix, dissolution of the drug, 
liquid penetration into the matrix and diffusion of the drug from the drug 
encapsulated in the matrix. In order to understand the release kinetics and the 
mechanism of the active ingredient release, release kinetics data obtained in 
vitro using ferrogels and hydrogels are fitted with kinetics model. The release 
data are best fitted with the Korsmeyer−Peppas (KP) model. The (KP) model 
deal with Eq [57]:

 %  = ×t

0

MCumulative release 100
M

 (2)

where “Mt” is the amount of drug released at time (t), “M0” is the maximal 
amount of the drug released at maximum interval. It is interesting to note that 
three drugs (5-FU, caffeine and ascorbic acid) in hydrogels exhibit a Fickian nature 
of drug diffusion. However, the interaction of the drug molecules with the matrix 
play an important role in the drug release kinetics occurring through a diffusion 
mechanism.

2.2 Statistical analysis

The experimental data are expressed as the mean values of at least three rep-
licates ± standard deviation (SD). The results were analyzed and showed usage 
Kaleida graph.

3. Results and discussion

3.1 Hydrogel and ferrogel formation

The concept of this study is depicted in (Figure 7). Oxidized chitosan  
(OCS) was prepared following a well-known method where chitosan is oxidized 
with sodium periodate (NaIO4). Oxidization of chitosan created multiple 
 aldehyde groups all along the polymeric chain using the method described in 
literature [54, 58]. The hydrogels and ferrogels (magnetic Fe3O4 embedded in 
novel hydrogel) were prepared by crosslinking chitosan (CS) with oxidized 
chitosan (OCS). The crosslinking of hydrogel and ferrogel was achieved by 
(–C=N-) bonds of Schiff-base reaction. Our results indicate that the process 
synthesis of the hydrogel and ferrogel was embedded with three drugs (5-FU, 
caffeine and ascorbic acid) has successfully loaded in the carrier polymeric. The 
schematic representation of smart ferrogel “magnetic hydrogel” was shown in 
(Figure 7).

The Figure 8 shows the procedure for preparation of the hydrogel and a photo-
graph of (CS-drug-OCS) hydrogel.
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Figure 7. 
Schematic representation of (CS-Fe3O4-OCS) ferrogel.

Figure 8. 
Schematic representation of the synthesis process of CS/drug/OCS hydrogel.
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3.2 Fourier transform infrared (FTIR) spectra of hydrogel

The IR spectrum of CS, OCS, (CS/OCS) and (CS/drug/OCS) lyophilized hydro-
gel are listed in (Figures 9 and 10) and major functional moieties are labeled with 
wavenumbers was recorded in the region of 4000–40 cm−1. The FTIR spectrum of 
pure chitosan (Figure 9(a)) shows wide band around 3450 cm−1 corresponding to 
amine N–H symmetrical vibration and H bonded O–H group. The peak observed 
between 3400 and 3700 cm−1 corresponding to combination of the band O-H, NH2 
intra and intermolecular hydrogen bonding. The peaks at 2920 and 2320 cm−1 are 
assigned to the symmetric and asymmetric may be attributed to –CH vibrations of 
carbohydrate ring [59]. The bands at 1650 cm−1 and 1545 cm−1 may be attributed to 
C=O stretching (amide I vibration) and N-H bending (–NH2 bending of amide II) 
in amide group, respectively and 1390 cm−1 (N–H stretching or C–N bond stretch-
ing vibrations, amide III vibration) [60]. The peak observed at 1050 cm−1 has the 
contribution to the symmetric stretching of C–O–C groups. The absorption peaks in 
the range 900–1200 cm−1 are due to the antisymmetric C–O stretching of saccharide 
structure of chitosan. In order to understand the oxidation of oxidized chitosan 
(OCS), the FTIR spectra results for (OCS) in (Figure 9(b)) verified successful 
oxidation, while a new absorption peak appeared around 1725 cm−1 [55], which was 
assigned to an aldehyde group (-C=O) bond, indicating that the CS has been success-
fully oxidized by the NaIO4 [61]. Furthermore, the peak (Figure 9(c) at 1637 cm−1 
caused by C=O and C=N is reduced significantly. These differences indicate that the 
aldehyde groups of OCS reacted with the amino groups of CS to generate a Schiff 
base”imine” [62]. FTIR analysis was performed (Figure 9(d)) exhibits the IR spec-
tra of the prepared nanoparticles. The spectrum of Fe3O4 magnetic nanoparticles 
shows the formation of two strong absorption bands between 636 cm−1 and 592 cm−1. 
Furthermore, the band at 592 cm−1 was confirmed as the Fe-O stretching vibration 
of tetrahedral sites of spinel structure. The absorption bands at 459 cm−1, assigned to 
tetrahedral and octahedral sites, peaks at 3400 cm−1 due to the O-H stretching model 
adsorbed on the surface of the Fe3O4 nanoparticles [63].

Figure 9. 
FTIR spectra of (a) chitosan, (b) oxidized chitosan, (c) CS/OCS lyophilized hydrogel, (d) Fe3O4 NP.
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For the spectra of three drugs (5-FU, caffeine and ascorbic acid) loaded  
(CS/OCS) in hydrogels (Figure 10); exhibited the characteristic absorption of 
imine stretching vibration (-C=N–) at 1637 cm−1 [54, 64], suggests that the coupling 
reaction was occurred between –CHO of OCS and –NH2 of CS.

3.3 Magnetization studies using (SQUID) analysis

The measurements of the magnetic field-dependence of the magnetization 
of the uncoated and coated magnetite nanoparticles at 25°C are presented in 
(Figure 11). The plots indicate that both samples exhibit superparamagnetic 
behavior with zero remanence and coercivity. (Figure 11) shows the magnetic 
curves as a function of applied field at room temperature obtained for Fe3O4 
and CS-Fe3O4-OCS ferrogel, respectively. The magnetization saturations were 
found to be 60.57 emu/g for Fe3O4, 17.25 emu/g for CS-Fe3O4-OCS ferrogel [65]. 
The magnetization value decreased after coating due to the existence of oxidized 
chitosan and chitosan, which formed polymerized multilayers. It can be con-
cluded that the Ms. value of CS/Fe3O4/OCS ferrogel is less than the Fe3O4 (NPs) 
that can be attributed to the creation of a non-magnetic polymer layer around 
Fe3O4 (NPs) in the hydrogel [66]. Taking into account the magnetic properties 
of the prepared by ferrogel, it may be able to deliver the drug to the target area in 
the presence of an external magnetic field.

3.4 Scanning electron microscopy (SEM)

A perfect injectable hydrogel must have pores in the range of 50–100 μm and a 
high degree of interconnectivity to facilitate nutrient and oxygen transport, as well 
as cell adhesion and migration. By using SEM, we studied the pore size distribution 
in hydrogels (Figure 12). In this study, morphology of freeze-dried hydrogel (CS/
OCS) were observed with scanning electron microscope (SEM). As can be seen 
in (Figure 12), the (CS/OCS) lyophilized hydrogel had continuous and porous 
structures with interconnecting pores, pores diameter ranging from several tens to 

Figure 10. 
FTIR spectra of (a) CS/a.AS/OCS lyophilized hydrogel, (b) CS/CAF/OCS lyophilized hydrogel;  
(c) CS/5FU/OCS lyophilized hydrogel.
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3.2 Fourier transform infrared (FTIR) spectra of hydrogel
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Figure 9. 
FTIR spectra of (a) chitosan, (b) oxidized chitosan, (c) CS/OCS lyophilized hydrogel, (d) Fe3O4 NP.
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several thousands of micrometers [55]. Moreover, the more crosslinking between 
amino group and aldehyde group, the diameter of the pores are decreased and the 
compactness of pores increased. The micrographs of CS/OCS hydrogel it was clearly 
observed that the hydrogel had a three-dimensional porous structure, which was 
beneficial for drug delivery systems.

3.5 Thermogravimetric (TGA) analysis

To evaluate the thermal stability of the chitosan (CS) oxidized chitosan (OCS) 
and (CS/OCS) lyophilized hydrogel, TGA thermograms were obtained as shown in 
(Figure 13). The TGA of pure chitosan shows two-stage weight loss in the range 40 

Figure 11. 
The magnetic hysteresis loops for Fe3O4 NPs and CS@Fe3O4@OCS hydrogel measured by SQUID at room 
temperature.

Figure 12. 
Micrographs of chitosan cross-linked oxidized chitosan hydrogel at low and high magnification.
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to 750°C (Figure 13), it is clear that chitosan started to degrade at 40–130°C with 
8% weight is due to the loss of water molecules. Initial decomposition around 130°C 
for pure chitosan can be attributed to the strong water adsorptive nature of chito-
san. The second stage of degradation occurred at 340°C and continued up to 460°C 
[67]. There was 38.43% weight loss occurring in the second stage due to degradation 
of pure chitosan biopolymer and the temperature at which maximum degradation 
observed was 274.74°C. At the end of 750°C, the total weight loss of sample was 
100% [54, 67]. TGA of oxidized chitosan (OCS) showed two steps of degradation 
(Figure 13), the first stage ranges between 40 and 130°C and shows about 8.2% 
loss in weight corresponded to water release for the initial step. The second stage 
decomposition was observed from 300°C and continued up to 460°C, during this 
time there was 39% weight loss due to the degradation of chitosan. At the end of 
700°C, the total weight loss of sample was 90% [10, 54]. For CS/OCS lyophilized 
hydrogel, the degradation starts at a lower temperature compared to chitosan and 
oxidized chitosan (Figure 13). For the CS/OCS hydrogel, shows two-stage weight 
loss in three stages. The first stages of degradation takes place from 40 to 160°C with 
a weight loss of 13% could be due to the loss of both the loosely bound water and 
tightly bound water [68]. The free water and hydrogen-bonded water are released 
at a temperature between 40 and 100°C. The hydrogel contains many hydrophilic 
groups that retain water more tightly in the hydrogel skeleton by polar interaction. 
As a result, it is harder to lose. Thus, this tightly bound water is released in the 
temperature region 100–156°C. The second stage of hydrogel degradation started 
between 160° C and 385° C with a 41% weight loss. The three-stages of degradation 
biopolymers, at the end of 700°C, the total weight loss of sample was 90%. This 
phase of the weight loss mainly could be caused by a series of thermal and oxidative 
decomposition in the process including dehydration of the sugar cycle, degradation, 
N-deacetylation of the molecular chain of the chitosan cracking unit and vaporiza-
tion and removal of volatile products. It can be concluded the TGA curve shows at 
about 222°C. This is probably due to the formation of (-C=N-) and this proves that 
biopolymer-based Schiff base is thermally less stable.

The TGA curves of uncoated Fe3O4 and the lyophilized ferrogel (CS-Fe3O4-OCS) 
are shown in Figure 14. For uncoated Fe3O4 NPs (Figure 14(a)), the TGA curve 
showed that the weight loss over the temperature range 40–750°C was about 2.2%. 

Figure 13. 
TGA graphs of chitosan (CS), oxidized chitosan (OCS) and (CS/OCS) lyophilized hydrogel.
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Hence, this weight loss is related to removal of the physically adsorbed water and/
or hydroxyl groups on the surface of Fe3O4 nanoparticles. For coated nanoparticles 
Fe3O4. Similarly, the weight curve of CS/Fe3O4/OCS (Figure 14(b)) showed a 
progressive decrease of 85%. This is due to the degradation of the polymer and 
hydrogen-bound water in the temperature range of 40–166°C, which forms the 
polysaccharide structure of OCS and CS. In addition, a uniform and steady decrease 
in weight loss at 166–630°C is CS/Fe3O4/OCS was observed. This may be partly 
attributed to the degradation and decomposition of organic skeletal structure, 
amino groups, and other functional groups. By comparing the curves of CS/Fe3O4/
OCS and Fe3O4, it was observed that Fe3O4 particles are wrapped into CS and OCS 
can enhance the thermal stability of the whole system. A temperature of 630°C 
or higher, the remaining material was carbonized completely. The indicated that 
chitosan and oxidized chitosan coated Fe3O4 successfully and penetrated deeply 
into in the matrix CS/OCS.

3.6 Hydrogel swelling

To investigate the pH dependent swelling behavior of the CS/OCS hydrogels for 
drug delivery, PBS with (pH = 1.2; pH = 5.8 and pH = 7.4) at T = 37°C were used to 
simulate the physiological medium and were used for testing swelling of the hydro-
gels. The results of the equilibrium-swelling ratio are presented in (Figure 15). The 
CS/OCS hydrogels showed large differences in swelling behavior at different pH 
values. The pKa value of the D-glucosamine residue in chitosan was approximately 
6.2 to 7.0. Therefore, the amino groups in the chitosan were protonated and posi-
tively charged in acidic PBS (pH = 1.2 and pH = 5.8), and the electrostatic repulsion 
between positively charged -NH3+ groups would lead to swelling of the hydrogels. The 
% equilibrium swelling values were found to be higher at pH = 1.2, than at pH = 7.4. 
This can be explained by protonation of the unreacted NH2 groups of chitosan at 
acidic pH, leading to dissociation of the hydrogen bonding involving the amino 
groups, and thus facilitating the entry of the solvent into the material. The swelling 
process of hydrogels involves the ionization [69]. Furthermore, the Schiff base bonds 

Figure 14. 
TGA curves for a) uncoated Fe3O4 b) CS-Fe3O4-OCS lyophilized ferrogel.
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between -NH2 and -CHO as a cross-linker became weak in PBS (pH = 7.4 at 37°C); the 
swelling ratio of CS/OCS was 350%, resulting in swelling of the hydrogel. Therefore, 
the CS/OCS hydrogel in PBS (pH = 1.2 at 37°C) exhibited the largest swelling ratio 
of 670%; the swelling ratio (pH = 5.8 at 37°C) was 509%. The decreased swelling 
ratio occurred due to increased crosslinking density in the hydrogels. Meanwhile, 
the equilibrium swelling ratios of the hydrogels in a pH = 7.4 solution dramatically 
decreased. This is because hydrogels exhibited pH-responsive swelling behavior, and 
the hydrogels showed a much higher swelling ratio in an acidic medium than that in a 
pH 7.4 medium.

3.7 In vitro release from the hydrogels

The model drugs (5-FU, caffeine and ascorbic acid) was encapsulated in the 
hydrogel matrix used for the release kinetics in PBS (pH = 7.4 at 37°C) are depicted 
in (Figure 16). The purpose here was to study whether the release of the drug 
trapped in the hydrogels, as well as by the simple diffusion. In a system, where drug 
is entrapped in a biodegradable matrix, the release rate depends on three param-
eters: the size of the drug molecule, the drug solubility (soluble-sparingly soluble-
insoluble), the cross-linking density and the degradation rate. The ability of the 
chitosan-imine-oxidized chitosan hydrogels to act as matrix for controlled release 
was investigated in vitro by monitoring the release profile of the (5-FU, caffeine and 
ascorbic acid) three-model drug from system in phosphate buffer of physiological 
pH (7.4), at the human body temperature of 37°C (Figure 16). In order to study the 
release behavior of 5-FU, caffeine, ascorbic acid incorporated in the chitosan-based 
hydrogel cross-linked by oxidized chitosan, they were incubated in release media 
(phosphate buffer pH = 7.4 at 37°C) and evaluated by UV spectrophotometry. 

Figure 15. 
% Swelling of CS/OCS hydrogel in buffer solutions of pH = 1,2, pH = 5,8 and pH = 7,4 at T = 37°C.
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(Figure 16) shows release profiles of 5-FU, caffeine and ascorbic acid up to 26 h 
of incubation period. As shown in (Figure 16), the chitosan hydrogels showed an 
initial burst release of 5-FU, caffeine and ascorbic acid over a period of 3 h for all 
incubation media, which was of the order of (5 -FU “52%”, caffeine “43%” and 
ascorbic acid “60%”). This initial rapid release, characterized by a “burst effect», 
because certain quantities of 5-FU, caffeine and ascorbic acid were localized on the 
surface of the hydrogels by adsorption which could be released easily by diffusion. 
After 3h the release percentages of (5-FU “86%”, caffeine “89%” and ascorbic acid 
“91%”), respectively [70]. The remaining part of the drug can be trapped in hydro-
gels because the amino functions of chitosan can enter into the Schiff reaction with 
the aldehyde groups of oxidized chitosan. Indeed, the hydrogel contained large pore 
size, which is beneficial for the diffusion of the drug, this initial bursting effect, a 
slower sustained and controlled release occurred throughout the incubation period 
and the amount of release. The release profiles confirmed that the (5-FU, caffeine 
and ascorbic acid) drugs were encapsulated in hydrogels.

As shown in Figure 17, magneto-hydrogel showed an initial burst release of 
(5-FU, caffeine and ascorbic acid) in a period of 5 h, which was in the range of 
(37%, 34%, and 42%). The initial burst phase is caused by drug adsorbed on the 
surface of the nanoparticles Fe3O4 embedded in hydrogel. The release kinetics at 
pH = 7.4 at 37°C within 45 h clearly indicated that Fe3O4 embedded in hydrogel 
influenced drugs release. At pH = 7.4 at 37°C, about (95%, 93% and 97%) amounts 
of 5-FU, caffeine and ascorbic acid were release after 45 h, respectively. Due to 
the slower swelling rate of nanotransporters in solution, the rate of drug release is 
also slower. It is well known that there are a large number of amino and hydroxyl 
groups on the surface of chitosan molecules, which provide functional groups and 
favorable characteristics for biological molecules. In PBS (pH = 7.4 at 37°C), amino 

Figure 16. 
In vitro release of 5-FU, caffeine and ascorbic acid embedded in hydrogels (pH = 7,4 at 37°C). Values reported 
are an average of n = 3 ± standard deviation.
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groups of chitosan mainly attach to the surface of the nanoparticles, so as to reduce 
the surface voids and render the pore blockage, lower penetration, and thus slow 
down the release rate of the drug [36]. However, due to the magnetic orientation 
role of MNPs, magnetic nano-drug carriers could be transported by applying an 
external magnetic field and maintain drug concentration for extended periods. 
Such rapid transport and slow release of the nanocarriers to the target site may be 
desirable for many biomedical applications, minimizing drug leakage to undesirable 
sites and reducing the risk of heart attack due to high dose in a short period of time. 
These results clearly illustrated that the chitosan hydrogel containing Fe3O4 resulted 
in a barrier system for the sustained release of 5-Fu, caffeine and ascorbic acid. We 
speculate that this barrier structure would block the drug loss in the early burst 
release, which is benefit to reduce the toxic side effects.

4. Conclusion

Many conclusions can be made from the present work, the ferrogels (FG) are 
cross-linked polymer networks containing magnetic nanoparticles: a) magnetic 
magnetite (Fe3O4) were synthesized successfully by chemical co-precipitation 
and has been confirmed using FT-IR, VSM analysis, TGA. The advantage of the 
co-precipitation method are low cost, rapidity, ease, reproducibility and high-yield 
synthesis. b) The hydrogel was formulated by cross-linking chitosan (CS) and 
oxidized chitosan (OCS) via the Schiff-base (-C=N-) reaction. Obviously, these 
results indicate that this exhibit non-toxic, biodegradable, good injectability, less 
expensive and respect the environment, quick gelation time, in vitro pH-dependent 
equilibrated swelling ratios, interconnected porosity. c) Magneto-responsive 
hydrogels are typically prepared by incorporating magnetic particles into hydrogels 

Figure 17. 
Cumulative release profiles of 5-FU-gel, caffeine-gel, ascorbic acid-gel with external magnetic field. Values 
reported are an average of n = 3 ± standard deviation.
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groups of chitosan mainly attach to the surface of the nanoparticles, so as to reduce 
the surface voids and render the pore blockage, lower penetration, and thus slow 
down the release rate of the drug [36]. However, due to the magnetic orientation 
role of MNPs, magnetic nano-drug carriers could be transported by applying an 
external magnetic field and maintain drug concentration for extended periods. 
Such rapid transport and slow release of the nanocarriers to the target site may be 
desirable for many biomedical applications, minimizing drug leakage to undesirable 
sites and reducing the risk of heart attack due to high dose in a short period of time. 
These results clearly illustrated that the chitosan hydrogel containing Fe3O4 resulted 
in a barrier system for the sustained release of 5-Fu, caffeine and ascorbic acid. We 
speculate that this barrier structure would block the drug loss in the early burst 
release, which is benefit to reduce the toxic side effects.

4. Conclusion

Many conclusions can be made from the present work, the ferrogels (FG) are 
cross-linked polymer networks containing magnetic nanoparticles: a) magnetic 
magnetite (Fe3O4) were synthesized successfully by chemical co-precipitation 
and has been confirmed using FT-IR, VSM analysis, TGA. The advantage of the 
co-precipitation method are low cost, rapidity, ease, reproducibility and high-yield 
synthesis. b) The hydrogel was formulated by cross-linking chitosan (CS) and 
oxidized chitosan (OCS) via the Schiff-base (-C=N-) reaction. Obviously, these 
results indicate that this exhibit non-toxic, biodegradable, good injectability, less 
expensive and respect the environment, quick gelation time, in vitro pH-dependent 
equilibrated swelling ratios, interconnected porosity. c) Magneto-responsive 
hydrogels are typically prepared by incorporating magnetic particles into hydrogels 

Figure 17. 
Cumulative release profiles of 5-FU-gel, caffeine-gel, ascorbic acid-gel with external magnetic field. Values 
reported are an average of n = 3 ± standard deviation.
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and has been confirmed using (FT-IR), (TGA), (VSM) analysis at room tempera-
ture. d) The role of Fe3O4 embedded in hydrogel, which allows reducing the surface 
voids and rendering the pore blockage, lower penetration, and thus slowing down 
the release rate of the drug. e) A 5-Fluorouracil (5-FU), caffeine and ascorbic acid 
release tests were used to demonstrate the excellent in vitro drug release behavior 
of these hydrogels and ferrogels. However, all these results indicate that this type 
of biomaterial based on chitosan with oxidized chitosan in the presence of the 
three drugs with different solubility for the preparation of hydrogels effective for 
the controlled release of the drug. Compared to other hydrogels based on chitosan, 
the present study brings to the attention of researchers a novel strategy to design a 
non-toxic and biodegradable matrix for drug delivery systems, by the simple use of 
appropriate oxidized chitosan without incorporating any crosslinking agents. This 
design expands the variety of hydrogel matrices, guiding additional efforts in the 
development of the new ideas for pharmaceuticals applications. As a perspective 
and future challenges, we will test this type of ferrogels for cancer treatment by 
hyperthermia.

© 2020 The Author(s). Licensee IntechOpen. 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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voids and rendering the pore blockage, lower penetration, and thus slowing down 
the release rate of the drug. e) A 5-Fluorouracil (5-FU), caffeine and ascorbic acid 
release tests were used to demonstrate the excellent in vitro drug release behavior 
of these hydrogels and ferrogels. However, all these results indicate that this type 
of biomaterial based on chitosan with oxidized chitosan in the presence of the 
three drugs with different solubility for the preparation of hydrogels effective for 
the controlled release of the drug. Compared to other hydrogels based on chitosan, 
the present study brings to the attention of researchers a novel strategy to design a 
non-toxic and biodegradable matrix for drug delivery systems, by the simple use of 
appropriate oxidized chitosan without incorporating any crosslinking agents. This 
design expands the variety of hydrogel matrices, guiding additional efforts in the 
development of the new ideas for pharmaceuticals applications. As a perspective 
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Chapter 2

Gastrointestinal Delivery of APIs 
from Chitosan Nanoparticles
Rayan Sabra and Nashiru Billa

Abstract

Successful clinical treatment outcomes rely on achieving optimal systemic 
delivery of therapeutics. The oral route of administering Active Pharmaceutical 
Ingredients (API) remains formidable because of ease to the patient and conve-
nience. Yet, the gastrointestinal tract (GIT) poses several barriers that need to be 
surmounted prior to systemic availability, especially for Class IV type drugs. Drug 
delivery systems in the form of nanoparticles (NP), can be appropriately formu-
lated to alter the physicochemical properties of APIs, thereby addressing constraints 
related to absorption from the GIT. Polymers offer amenability in the fabrication 
of NP due to their diversity. Chitosan has emerged as a strong contender in orally 
deliverable NP because it is biocompatible, biodegradable and muco-adhesive. Due 
to the positively charged amine moieties within chitosan (NH3

+), interactions with 
the negatively charged sialic acid of mucin within the mucosa is possible, which 
favors delayed GI transit and epithelial uptake. This ultimately results in improved 
systemic bioavailability. Thus, we expect research in the use of chitosan in oral NP 
delivery to intensify as we transcend the frontier toward clinical testing of viable 
formulations.
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1. Introduction

According to the US National Institute of Health, drug delivery is a process that 
permit the influx of therapeutic substances in to the body. Drug delivery systems 
are designed to enhance the efficiency and safety of therapeutics by regulating 
the rate, time and place of release in the body [1, 2]. Drug delivery technology has 
emerged as an essential tool for the improvement of drug bioavailability, reduction 
in the side effects of medication, all of which generate remarkable clinical outcomes 
[3]. Drugs may be administered to the body via local application, enterally or 
parenterally. The parenteral route typically relates to administration that excludes 
absorption from the gastrointestinal tract (GIT). It consists of administration by 
injection, inhalation and via transdermal routes. The enteral route is associated 
with the absorption of the drug via the GIT, this includes oral, sublingual, and rec-
tal administration. Aptly, the mode of drug administration depends on the disease, 
the desired therapeutic effect and the nature of the product available [4]. Moreover, 
each delivery route has inherent benefits and constraints. Nevertheless, the major-
ity of manufactured medicines in the pharmaceutical industry are delivered orally, 
owing to the distinctive advantages offered by this route, including versatility in 
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Abstract

Successful clinical treatment outcomes rely on achieving optimal systemic 
delivery of therapeutics. The oral route of administering Active Pharmaceutical 
Ingredients (API) remains formidable because of ease to the patient and conve-
nience. Yet, the gastrointestinal tract (GIT) poses several barriers that need to be 
surmounted prior to systemic availability, especially for Class IV type drugs. Drug 
delivery systems in the form of nanoparticles (NP), can be appropriately formu-
lated to alter the physicochemical properties of APIs, thereby addressing constraints 
related to absorption from the GIT. Polymers offer amenability in the fabrication 
of NP due to their diversity. Chitosan has emerged as a strong contender in orally 
deliverable NP because it is biocompatible, biodegradable and muco-adhesive. Due 
to the positively charged amine moieties within chitosan (NH3

+), interactions with 
the negatively charged sialic acid of mucin within the mucosa is possible, which 
favors delayed GI transit and epithelial uptake. This ultimately results in improved 
systemic bioavailability. Thus, we expect research in the use of chitosan in oral NP 
delivery to intensify as we transcend the frontier toward clinical testing of viable 
formulations.
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ity of manufactured medicines in the pharmaceutical industry are delivered orally, 
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accommodating various types of drugs, simplicity of administration and acces-
sibility, patient compliance and safety profiles [5–7]. Additionally, the intestinal 
epithelium is an ideal platform for drug absorption due to the viscous mucosal layer 
lined with abundant enterocytes, goblet cells, and Peyer’s patches that trap drug 
molecules within the mucus as they transit the GIT. [8, 9].

In comparison to other routes of administration, the oral route is exceptionally 
complex in expression of anatomical features physiology throughout the GIT [10]. 
Furthermore, these expressions vary along the GIT in both intensity structure. For 
example, the mucus layer varies in composition and physical properties along the 
GIT and the pH varies significantly in the main sections of the GIT. The gastroin-
testinal motility also varies in intensity and form along the GIT and also depends on 
food status [11]. Even though, these features can impede drug delivery across the 
GIT, through careful interplay between formulation science and GIT physiology, 
scientists have been able to exploit this variance for improved drug delivery. In this 
regard, nanoparticle formulations have immerged as strong contenders able to sur-
mount some of the constraints associated with GIT absorption. Nanoparticles have 
gained great interest by researchers in recent years as they can be used to improve 
drug solubility and bioavailability in the harsh GIT environment due to increased 
surface area to volume ratio, thus provide a rapid onset of therapeutic action [12]. 
They can also be used to targeting specific sites within the GIT and hence reduce the 
effects of enzymatic degradation, all of which can improve the safety and effective-
ness of drugs [12, 13].

Nanoparticle formulations may be presented in various forms however, polymeric 
nanoparticles present the versatility of polymers and can be tailored to achieve 
superior drug stability, enhanced drug payload capacity, longer circulation times 
and controlled drug release capabilities, when compared with other their colloidal 
counterparts [14, 15]. In this regard, chitosan-based nanoparticle formulation have 
been shown to present several of the desirable attributes listed above in addition to 
being biodegradable, having low toxicity, amenable to tuneable physical properties 
and bio-adhesive properties [16, 17].

In this chapter we will be discussing the interplay between the GIT physiology/
anatomy and drug physicochemical/biopharmaceutical factors in the absorption 
process that influence oral therapeutics. We, will also review the physicochemi-
cal properties of chitosan relevant for effective GIT delivery, including methods 
of formulation. The most utilised nanoparticle formulation methods used for 
chitosan-based nanoparticles are also examined. Finally, we will highlight the 
recent developments on chitosan-based nanoparticles used in the oral delivery of 
different drugs.

2. The GIT

The GIT, also known as the digestive tract or alimentary canal, is approximately 
9 meters long and can be functionally divided into two parts, the upper and the 
lower GIT (Figure 1). The upper GIT; consisting of mouth, pharynx, oesophagus, 
stomach and small intestine, play a major role in the transport of the swallowed 
food bolus, enzymatic digestion and absorption of nutrients [18]. The lower GIT is 
usually referred to the large intestine and is responsible for the adsorption of water, 
fermentation of undigested sugars and the storage and evacuation of stool [19]. 
Following oral dosing, the drug traverses several semipermeable cell membranes 
through its trajectory to absorption and eventually enters the general circulatory 
system. Drugs cross cell membranes, which comprise of bimolecular lipid matrix, 
either by passive diffusion or active transport.
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2.1 Passive diffusion

The most prevalent form of absorption of the majority of orally administered 
drugs is by passive diffusion across cell membranes. This process comprises of a 
three-step process, whereby the permeant first transverses into the membrane, dis-
perses across it and then is released into the cytosol [20]. Typically, drug molecules 
move down a concentration gradient, from a region of high concentration (e.g., GI 
fluids) to one of low concentration (e.g., blood), without the expenditure of energy 
[21]. Usually, a concentration gradient is manifested as a disparity in concentration 
of a substance within an area and is linearly related to the diffusion rate. The latter 
is also governed by the lipid solubility, size and polarity of the drug species.

Most drugs are either weak acids or bases and occur either in the unionized or 
ionized form as a function of pH [22]. For lipophilic drugs, the unionized form 
of drug, may penetrate cell membranes easily as the membrane is lipoidal. On the 
other hand, hydrophilic drugs, present an ionized form of the drug, which has 
high electrical resistance and thus cannot traverse the cell membranes easily but 
may diffuse through the para-cellular spaces. However, it is worth noting that the 
para-cellular junctions contribute to less than 0.01% of the entire GIT surface area 
and furthermore, the permeability of these junctures diminishes down the GIT 
[23]. Additionally, the capability of drugs to traverse a membrane also relies on the 
acid–base dissociation constant (pKa) of the drug in question. The pKa is the pH at 
which concentrations of ionized and unionized forms are equivalent [24]. So, if the 
pH is less than the pKa, the unionized form of a weak acid prevails, and vice versa 
for weak bases. Henceforth, when a weak acid is administered orally, nearly all the 
drug in the stomach remains unionized, preferring diffusion via the gastric mucosa. 
On the other hand, for a weak bases with a pKa = 4.4, majority of the drug in the 
stomach will be ionized [21].

Overall, the process by which molecules traverse cell membranes is by passive dif-
fusion, down the concentration gradient. However large hydrophilic ionic molecules 
and charged molecules cannot freely traverse the phospholipid bilayer cell mem-
brane passively. Their transport may be confined to protein channels and distinct 
transport mechanisms present within the membrane [25]. Such drugs gain access 
through the membrane by facilitated diffusion whereby molecules integrate with 
embedded protein carriers to shuttle them across the membrane. This process does 
not expend energy and is also down the concentration gradient though quicker than 

Figure 1. 
The anatomy of the human gastrointestinal tract.
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accommodating various types of drugs, simplicity of administration and acces-
sibility, patient compliance and safety profiles [5–7]. Additionally, the intestinal 
epithelium is an ideal platform for drug absorption due to the viscous mucosal layer 
lined with abundant enterocytes, goblet cells, and Peyer’s patches that trap drug 
molecules within the mucus as they transit the GIT. [8, 9].
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Furthermore, these expressions vary along the GIT in both intensity structure. For 
example, the mucus layer varies in composition and physical properties along the 
GIT and the pH varies significantly in the main sections of the GIT. The gastroin-
testinal motility also varies in intensity and form along the GIT and also depends on 
food status [11]. Even though, these features can impede drug delivery across the 
GIT, through careful interplay between formulation science and GIT physiology, 
scientists have been able to exploit this variance for improved drug delivery. In this 
regard, nanoparticle formulations have immerged as strong contenders able to sur-
mount some of the constraints associated with GIT absorption. Nanoparticles have 
gained great interest by researchers in recent years as they can be used to improve 
drug solubility and bioavailability in the harsh GIT environment due to increased 
surface area to volume ratio, thus provide a rapid onset of therapeutic action [12]. 
They can also be used to targeting specific sites within the GIT and hence reduce the 
effects of enzymatic degradation, all of which can improve the safety and effective-
ness of drugs [12, 13].

Nanoparticle formulations may be presented in various forms however, polymeric 
nanoparticles present the versatility of polymers and can be tailored to achieve 
superior drug stability, enhanced drug payload capacity, longer circulation times 
and controlled drug release capabilities, when compared with other their colloidal 
counterparts [14, 15]. In this regard, chitosan-based nanoparticle formulation have 
been shown to present several of the desirable attributes listed above in addition to 
being biodegradable, having low toxicity, amenable to tuneable physical properties 
and bio-adhesive properties [16, 17].

In this chapter we will be discussing the interplay between the GIT physiology/
anatomy and drug physicochemical/biopharmaceutical factors in the absorption 
process that influence oral therapeutics. We, will also review the physicochemi-
cal properties of chitosan relevant for effective GIT delivery, including methods 
of formulation. The most utilised nanoparticle formulation methods used for 
chitosan-based nanoparticles are also examined. Finally, we will highlight the 
recent developments on chitosan-based nanoparticles used in the oral delivery of 
different drugs.

2. The GIT

The GIT, also known as the digestive tract or alimentary canal, is approximately 
9 meters long and can be functionally divided into two parts, the upper and the 
lower GIT (Figure 1). The upper GIT; consisting of mouth, pharynx, oesophagus, 
stomach and small intestine, play a major role in the transport of the swallowed 
food bolus, enzymatic digestion and absorption of nutrients [18]. The lower GIT is 
usually referred to the large intestine and is responsible for the adsorption of water, 
fermentation of undigested sugars and the storage and evacuation of stool [19]. 
Following oral dosing, the drug traverses several semipermeable cell membranes 
through its trajectory to absorption and eventually enters the general circulatory 
system. Drugs cross cell membranes, which comprise of bimolecular lipid matrix, 
either by passive diffusion or active transport.
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2.1 Passive diffusion

The most prevalent form of absorption of the majority of orally administered 
drugs is by passive diffusion across cell membranes. This process comprises of a 
three-step process, whereby the permeant first transverses into the membrane, dis-
perses across it and then is released into the cytosol [20]. Typically, drug molecules 
move down a concentration gradient, from a region of high concentration (e.g., GI 
fluids) to one of low concentration (e.g., blood), without the expenditure of energy 
[21]. Usually, a concentration gradient is manifested as a disparity in concentration 
of a substance within an area and is linearly related to the diffusion rate. The latter 
is also governed by the lipid solubility, size and polarity of the drug species.

Most drugs are either weak acids or bases and occur either in the unionized or 
ionized form as a function of pH [22]. For lipophilic drugs, the unionized form 
of drug, may penetrate cell membranes easily as the membrane is lipoidal. On the 
other hand, hydrophilic drugs, present an ionized form of the drug, which has 
high electrical resistance and thus cannot traverse the cell membranes easily but 
may diffuse through the para-cellular spaces. However, it is worth noting that the 
para-cellular junctions contribute to less than 0.01% of the entire GIT surface area 
and furthermore, the permeability of these junctures diminishes down the GIT 
[23]. Additionally, the capability of drugs to traverse a membrane also relies on the 
acid–base dissociation constant (pKa) of the drug in question. The pKa is the pH at 
which concentrations of ionized and unionized forms are equivalent [24]. So, if the 
pH is less than the pKa, the unionized form of a weak acid prevails, and vice versa 
for weak bases. Henceforth, when a weak acid is administered orally, nearly all the 
drug in the stomach remains unionized, preferring diffusion via the gastric mucosa. 
On the other hand, for a weak bases with a pKa = 4.4, majority of the drug in the 
stomach will be ionized [21].

Overall, the process by which molecules traverse cell membranes is by passive dif-
fusion, down the concentration gradient. However large hydrophilic ionic molecules 
and charged molecules cannot freely traverse the phospholipid bilayer cell mem-
brane passively. Their transport may be confined to protein channels and distinct 
transport mechanisms present within the membrane [25]. Such drugs gain access 
through the membrane by facilitated diffusion whereby molecules integrate with 
embedded protein carriers to shuttle them across the membrane. This process does 
not expend energy and is also down the concentration gradient though quicker than 

Figure 1. 
The anatomy of the human gastrointestinal tract.
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would be anticipated by diffusion alone [26]. A frequent case of facilitated diffusion 
is the migration of glucose into cells during the production of adenosine triphosphate 
(ATP). Glucose is both large and polar thereby unable to pass the lipid bilayer via 
simple diffusion. Hence, glucose molecules are delivered into the cell via a unique 
carrier protein (glucose transporter) to promote its internalisation in cells [27].

2.2 Active Transport

Active transport is an energy-dependent process that translocates drug molecules 
against their concentration gradient by a molecular pump [20]. Carrier-mediated 
active transport demand energy via ATP hydrolysis or by accompanying the co-
transport of counter ions down its electrochemical gradient (e.g., Na+, H+, Cl−) 
[28]. The most common active transport system is the sodium-potassium pump and 
receptor-mediated endocytosis. Energy can either be directly provided to the ion 
pump or indirectly by connecting a pump-action to an activated ionic gradient. It 
is often encountered in the gut mucosa, the liver, renal tubules and the blood–brain 
barrier [22]. Active transport is typically restricted to drugs that structurally resem-
ble endogenous substances; e.g., vitamins and amino acids, and that are absorbed via 
specific sites in the small intestine. Targeting drugs to these transporters can enhance 
their bioavailability and distribution [21].

The sodium-potassium pump system (Na+/K+ ATPase), utilises ATP to move 
Na+ and K+ in and out of the cell. It is a vital ion pump located in the membranes of 
various cell types, such as the Na+/amino acid symport in the mucosal cells of the 
small bowel [22, 29].

Cells control the endocytosis of certain substances via receptor-mediated endo-
cytosis. The use of this form of endocytosis in the GIT is crucial for oral delivery of 
drugs because it delays the transit of drugs in GIT. Receptor-mediator endocytosis 
involves the internalisation of macromolecules by binding the latter to receptors 
considered as membrane-associated protein [30]. There are more than 20 differ-
ent receptors involved in the internalisation of macromolecules [31]. Following 
binding to the receptor on the cell surface, the cell will endocytose the portion of 
the cell membrane enclosing the receptor-ligand complex via a clathrin-dependent 
endocytic process [28]. Clathrin plays a significant role in the formation of clathrin-
coated pits; invaginated regions of the plasma membrane, and pinch off to form 
clathrin-coated vesicles that transport molecules within cells [31].

In summary, drug adsorption may occur passively or via active transport. 
In either case, absorption occurs predominantly in the small intestine due to its 
more permeable membrane and larger surface area provided by the microvilli. 
Even though, the stomach has a relatively broad epithelial surface, yet the dense 
mucus layer and transient transit times expended by dosage forms contribute to 
an impeded absorption. Moreover, the colon with an absorptive surface area of 
about 5m2 has negligible contribution to drug absorption in GIT, due to slow caecal 
arrival times of dosage forms, the presence of numerous gut bacteria and solid 
stool that impede lateral diffusion. All in all, absorption of oral drugs is interlinked 
and controlled by various intrinsic factors; like drug solubility, dissolution and 
permeability across the mucosal barriers, and physiological factors; such as gastro-
intestinal transit time, pH and gut microbiome [13, 32].

2.3 Drug dissolution, solubility and permeability

Drug dissolution, solubility and permeability are the three fundamental param-
eters used in the Biopharmaceutics Classification System (BCS) to predict the 
factors limiting drug absorption from GIT [33]. The BCS is recognised as a useful 
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tool for designing drug delivery systems and is adopted by the US Food and Drug 
Administration (FDA), the European Medicines Agency (EMA) and the World 
Health Organization (WHO) [34]. According to the BCS, all drug substances are 
classified into four categories: class I—high soluble and high permeable, class II—
low soluble and high permeable, class III—low soluble and high permeable and class 
IV—low soluble and low permeable [35].

Drug solubility is crucial outcome in pharmaceutical dosage form. In the BCS 
system, a drug is deemed highly soluble when the maximal dose strength is soluble 
in 250 mL of aqueous media across the pH range of 1 to 7.5 [35]. However, more 
than 40% of the established new chemical entities in the pharmaceutical sector are 
considered insoluble in water, causing inadequate bioavailability [36]. This makes 
solubility amongst the most important rate limiting parameters in GIT absorption.

Drug dissolution reflects a dynamic consequence to drug absorption [33], 
whereby drug is released, dissolved and made accessible for absorption. With the 
exception of enteric formulations and drugs with low acid solubility, the dissolution 
process for majority of drugs starts in the stomach where the volume of gastric fluid 
is sufficient to attain effective drug dissolution [37]. Thus, the gastric fluid contain-
ing the disintegrated immediate-release dosage forms brings the solubilized drug 
into contact with the absorptive surface of the small intestine as absorption in the 
stomach is generally minimal.

Drug permeability represents the final frontier in the sequence of rate-liming 
steps to systemic drug availability. It is a measure of the ease of permeation of the 
drug across the intestinal wall. There is a positive association between the intestinal 
permeability and drug solubility GI milieu, which in turn depends on the physico-
chemical characteristics of the drug [38], including the pKa, particle size, lipophi-
licity, as discussed in the sections below. The ultimate amount of drug absorbed 
from the GIT also bears dependence on its transit time in the GIT [39].

2.4 Gastrointestinal pH

The GI pH influences the extent of ionization of drug molecules and thereby 
impacts on its absorption across the epithelium. Variations in pH across the GIT 
can be exploited for delayed drug release in desired section of the GIT in order to 
achieve efficient absorption. The fasted stomach is acidic, with pH range of 1–3, 
which increases upon food or liquid intake. Food is known to buffer the acidic 
content of the stomach. A rise in pH resumes in response to the continual gastric 
secretion and then finally, the pH reverts to the original levels due to gastric emp-
tying of content; [40]. The gastric emptying rate significantly affects the rate of 
drug absorption because it regulates arrival in the duodenum, where the epithelial 
surface is suited for absorption [41]. Moreover, the disparity in gastric pH condi-
tions affects the drug delivery behaviour of modified release dosage forms such as 
enteric coated products, where the onset of release along with the overall release 
kinetics may be changed [42].

The arrival of orally administered dosage forms into the small intestine is met by 
a pH of about 6 in the duodenum through to pH 7.4 at the terminal ileum [43]. This 
high pH variability is due to duodenal secretion of alkaline bicarbonate. During 
postprandial state, the initial intestinal pH drops due to the influx of acidic chyme, 
which is buffered by bicarbonate secretion as it travels distally [13]. Besides, the 
mean pH in proximal small intestine during the first hour of transit is usually 6.6, 
which is further decreased to 5–6 in the distal duodenum [44].

Typically, the pH in the caecum drops to just below pH 6 owing to the fermenta-
tion processes of the colonic microbiota and then rises to pH 7 at the rectum [42]. 
The drop in the amount of short chain fatty acids at the distal colon causes the 



Chitin and Chitosan - Physicochemical Properties and Industrial Applications

30

would be anticipated by diffusion alone [26]. A frequent case of facilitated diffusion 
is the migration of glucose into cells during the production of adenosine triphosphate 
(ATP). Glucose is both large and polar thereby unable to pass the lipid bilayer via 
simple diffusion. Hence, glucose molecules are delivered into the cell via a unique 
carrier protein (glucose transporter) to promote its internalisation in cells [27].

2.2 Active Transport

Active transport is an energy-dependent process that translocates drug molecules 
against their concentration gradient by a molecular pump [20]. Carrier-mediated 
active transport demand energy via ATP hydrolysis or by accompanying the co-
transport of counter ions down its electrochemical gradient (e.g., Na+, H+, Cl−) 
[28]. The most common active transport system is the sodium-potassium pump and 
receptor-mediated endocytosis. Energy can either be directly provided to the ion 
pump or indirectly by connecting a pump-action to an activated ionic gradient. It 
is often encountered in the gut mucosa, the liver, renal tubules and the blood–brain 
barrier [22]. Active transport is typically restricted to drugs that structurally resem-
ble endogenous substances; e.g., vitamins and amino acids, and that are absorbed via 
specific sites in the small intestine. Targeting drugs to these transporters can enhance 
their bioavailability and distribution [21].

The sodium-potassium pump system (Na+/K+ ATPase), utilises ATP to move 
Na+ and K+ in and out of the cell. It is a vital ion pump located in the membranes of 
various cell types, such as the Na+/amino acid symport in the mucosal cells of the 
small bowel [22, 29].

Cells control the endocytosis of certain substances via receptor-mediated endo-
cytosis. The use of this form of endocytosis in the GIT is crucial for oral delivery of 
drugs because it delays the transit of drugs in GIT. Receptor-mediator endocytosis 
involves the internalisation of macromolecules by binding the latter to receptors 
considered as membrane-associated protein [30]. There are more than 20 differ-
ent receptors involved in the internalisation of macromolecules [31]. Following 
binding to the receptor on the cell surface, the cell will endocytose the portion of 
the cell membrane enclosing the receptor-ligand complex via a clathrin-dependent 
endocytic process [28]. Clathrin plays a significant role in the formation of clathrin-
coated pits; invaginated regions of the plasma membrane, and pinch off to form 
clathrin-coated vesicles that transport molecules within cells [31].

In summary, drug adsorption may occur passively or via active transport. 
In either case, absorption occurs predominantly in the small intestine due to its 
more permeable membrane and larger surface area provided by the microvilli. 
Even though, the stomach has a relatively broad epithelial surface, yet the dense 
mucus layer and transient transit times expended by dosage forms contribute to 
an impeded absorption. Moreover, the colon with an absorptive surface area of 
about 5m2 has negligible contribution to drug absorption in GIT, due to slow caecal 
arrival times of dosage forms, the presence of numerous gut bacteria and solid 
stool that impede lateral diffusion. All in all, absorption of oral drugs is interlinked 
and controlled by various intrinsic factors; like drug solubility, dissolution and 
permeability across the mucosal barriers, and physiological factors; such as gastro-
intestinal transit time, pH and gut microbiome [13, 32].

2.3 Drug dissolution, solubility and permeability

Drug dissolution, solubility and permeability are the three fundamental param-
eters used in the Biopharmaceutics Classification System (BCS) to predict the 
factors limiting drug absorption from GIT [33]. The BCS is recognised as a useful 
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tool for designing drug delivery systems and is adopted by the US Food and Drug 
Administration (FDA), the European Medicines Agency (EMA) and the World 
Health Organization (WHO) [34]. According to the BCS, all drug substances are 
classified into four categories: class I—high soluble and high permeable, class II—
low soluble and high permeable, class III—low soluble and high permeable and class 
IV—low soluble and low permeable [35].

Drug solubility is crucial outcome in pharmaceutical dosage form. In the BCS 
system, a drug is deemed highly soluble when the maximal dose strength is soluble 
in 250 mL of aqueous media across the pH range of 1 to 7.5 [35]. However, more 
than 40% of the established new chemical entities in the pharmaceutical sector are 
considered insoluble in water, causing inadequate bioavailability [36]. This makes 
solubility amongst the most important rate limiting parameters in GIT absorption.

Drug dissolution reflects a dynamic consequence to drug absorption [33], 
whereby drug is released, dissolved and made accessible for absorption. With the 
exception of enteric formulations and drugs with low acid solubility, the dissolution 
process for majority of drugs starts in the stomach where the volume of gastric fluid 
is sufficient to attain effective drug dissolution [37]. Thus, the gastric fluid contain-
ing the disintegrated immediate-release dosage forms brings the solubilized drug 
into contact with the absorptive surface of the small intestine as absorption in the 
stomach is generally minimal.

Drug permeability represents the final frontier in the sequence of rate-liming 
steps to systemic drug availability. It is a measure of the ease of permeation of the 
drug across the intestinal wall. There is a positive association between the intestinal 
permeability and drug solubility GI milieu, which in turn depends on the physico-
chemical characteristics of the drug [38], including the pKa, particle size, lipophi-
licity, as discussed in the sections below. The ultimate amount of drug absorbed 
from the GIT also bears dependence on its transit time in the GIT [39].

2.4 Gastrointestinal pH

The GI pH influences the extent of ionization of drug molecules and thereby 
impacts on its absorption across the epithelium. Variations in pH across the GIT 
can be exploited for delayed drug release in desired section of the GIT in order to 
achieve efficient absorption. The fasted stomach is acidic, with pH range of 1–3, 
which increases upon food or liquid intake. Food is known to buffer the acidic 
content of the stomach. A rise in pH resumes in response to the continual gastric 
secretion and then finally, the pH reverts to the original levels due to gastric emp-
tying of content; [40]. The gastric emptying rate significantly affects the rate of 
drug absorption because it regulates arrival in the duodenum, where the epithelial 
surface is suited for absorption [41]. Moreover, the disparity in gastric pH condi-
tions affects the drug delivery behaviour of modified release dosage forms such as 
enteric coated products, where the onset of release along with the overall release 
kinetics may be changed [42].

The arrival of orally administered dosage forms into the small intestine is met by 
a pH of about 6 in the duodenum through to pH 7.4 at the terminal ileum [43]. This 
high pH variability is due to duodenal secretion of alkaline bicarbonate. During 
postprandial state, the initial intestinal pH drops due to the influx of acidic chyme, 
which is buffered by bicarbonate secretion as it travels distally [13]. Besides, the 
mean pH in proximal small intestine during the first hour of transit is usually 6.6, 
which is further decreased to 5–6 in the distal duodenum [44].

Typically, the pH in the caecum drops to just below pH 6 owing to the fermenta-
tion processes of the colonic microbiota and then rises to pH 7 at the rectum [42]. 
The drop in the amount of short chain fatty acids at the distal colon causes the 
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secretion of colonic mucosal bicarbonate that leads to a neutral pH. Short chain 
fatty acids are the end products of fermentation of dietary fibres by the anaerobic 
intestinal microbiota [45]. As a consequence of the neutral pH of the colonic 
luminal fluid, the solubilisation of drug is the rate-limiting factor in colonic drug 
absorption [46]. The unspecific interactions of drugs with colonic content (e.g. 
dietary residues, intestinal secretions or faecal matter) all adds to the odds of effec-
tive adsorption across the colon [47].

2.5 GIT transit time

Generally, the GIT transit time of most orally administered doses through 
buccal cavity and oesophagus is transient. The stomach is naturally the first seg-
ment of the GIT, wherein disintegration and dissolution of solids such as drugs and 
formulations occur [42]. The period required for a dosage form to exit the stomach 
is inconstant and relies on several physiological factors, such as age, body posture, 
gender and food intake [48]. Gastric transit can span from 0 to 2 h in the fasted 
state and can be extended up to 6 h after food intake [47]. The small intestine is 
the region of choice for drug absorption with a transit time ranging from 2 to 6 h 
in healthy individuals. The dissolution of poorly soluble, weakly acidic compounds 
and lipophilic compounds is greatly enhanced in this region [13]. In colon-specific 
drug delivery, the drug has to cross the whole GIT prior to arrival at the colon. 
Thus, the transit time across the colon can be highly variable, and ranges from 20 
to 56 h in healthy humans, although higher variations are also reported in literature 
amounting up to 72 h [42, 49, 50]. Variations in colonic transit time are affected by 
dosing time, bowel movements as well as gender, whereby females generally have 
longer colonic transit times than males [51, 52].

2.6 Gut microbiome

Enzymatic and microbial degradation of GIT content affects the amount 
ultimately made available for absorption. The active sites for most endogenous 
enzymes are the stomach and small intestine. Even though these enzymes may 
affect the stability of orally administered drugs, it is possible to exploit this property 
for regional drug delivery of formulations in the GIT [47]. On the other hand, the 
intestinal microbiome which includes 500–1000 bacterial species is also important 
for the digestion of food and the metabolism of drugs [53]. Gastrointestinal micro-
biome is found in both upper and lower GIT, whereby, a lower bacterial number 
(1013–1014 bacteria mL−1 of intestinal content) is in the upper GIT because of the fast 
luminal flow, intestinal fluid volume, and the secretion of bactericidal compounds 
in this part of the GIT, and highest bacterial community (1010–1011 bacteria mL−1 of 
intestinal content) is in the colon, in which the redox potential is low and the transit 
time is long [54, 55]. Therefore, greater number of the intestinal microbiome exists 
in the anaerobic colon, in which the fermentation of carbohydrates contributes to 
their nourishment. Usually, orally administered drugs are transformed to bioac-
tive, bio-inactive, or toxic metabolites by the gut microbial population, all of which 
can impede the bioavailability of drug. However, gut microflora can improve drug 
bioavailability by eliminating polar moiety from derived conjugates and thereby 
promoting biliary recycling of compounds [13].

Thus, formulation scientist must be cognizant of the interplay between drug 
and physiological and anatomical manifestations within the GIT when designing 
orally administered dosage forms. For example, enteric coating can be applied to 
dosage forms to delay the release of the API in the acidic gastric fluid until pH above 
5.0 [56]. Enteric coating may also be used to shield acid-labile drugs from gastric 
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distress, and upon arrival to the alkaline pH milieu, the enteric polymer coating 
disintegrates within the intestinal fluid, releasing the drug [57]. Despite employing 
such coatings and other conventional interventions, numerous pharmaceuticals 
still display insufficient bioavailability through the oral route of administration. 
This necessitates the use of alternate strategies. One area of research that is gaining 
traction more recently is the employment of nanoparticles.

3. Nanoparticle technology

Nanoparticle technology is a multidisciplinary field that utilizes principles from 
chemistry, biology, physics and engineering to design and fabricate submicronic 
(< 1 μm) colloidal systems [58]. Nanotechnology has several pharmaceutical and 
medical applications wherein nanoparticles (NPs), with sizes comparable to large 
biological molecules such as enzymes can be employed in the delivery of therapeutic 
agents [59]. The effectiveness of the nanoscale drug delivery vehicles lies on their 
ability to attain the following key attributes [60]:

• The NP must be able to bind or contain the appropriate drug.

• The nanocarrier must stay stable in the serum to allow systemic delivery of the 
therapeutics and only release the drug once at the required site.

• The NP-drug complex has to reach the required site either via receptor-medi-
ated interactions or by the enhanced permeability and retention (EPR) effect.

• The residual NP carrier should ideally be made of a biological or biologically 
inert material with a limited lifespan to allow safe degradation.

There are several types of NP drug delivery systems, which may be broadly 
divided as organic and inorganic NPs [61]. Their particle size, surface charge  
(ζ potential), hydrophilicity/hydrophobicity, composition, etc. can be tailored 
for a diverse applications [62]. The primary consideration when designing orally 
administered NP drug delivery system is to maximise drug concentration in the GI 
therapeutic window.

3.1 Oral organic NP

Organic NP (Figure 2) are solid particles comprised of organic compounds 
(usually lipidic or polymeric) ranging from 10 nm to 1 μm [63]. They can be 
formulated by simple techniques to encapsulate therapeutic agents. Preferably, 
compounds used in formulation of organic NPs should be biodegradable and 
biocompatible [61]. Manifestations of organic NP include liposomal, polymeric and 
solid lipid NP, each system possessing requisite features that addresses physiological 
and anatomic constraints addressed in sections above. In addition, others systems 
such as micelles, dendrimers etc. have been also explored as effective nanocarriers 
for effective deployment of APIs in the GIT [14, 64].

3.2 Oral inorganic NP

Inorganic NP represent a wide spectrum of systems synthesized from metals, 
metal oxides, and metal sulphides [65]. Gold, silica and superparamagnetic oxide 
NP are among the long list of inorganic NP (Figure 3). They have been studied for 
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secretion of colonic mucosal bicarbonate that leads to a neutral pH. Short chain 
fatty acids are the end products of fermentation of dietary fibres by the anaerobic 
intestinal microbiota [45]. As a consequence of the neutral pH of the colonic 
luminal fluid, the solubilisation of drug is the rate-limiting factor in colonic drug 
absorption [46]. The unspecific interactions of drugs with colonic content (e.g. 
dietary residues, intestinal secretions or faecal matter) all adds to the odds of effec-
tive adsorption across the colon [47].

2.5 GIT transit time

Generally, the GIT transit time of most orally administered doses through 
buccal cavity and oesophagus is transient. The stomach is naturally the first seg-
ment of the GIT, wherein disintegration and dissolution of solids such as drugs and 
formulations occur [42]. The period required for a dosage form to exit the stomach 
is inconstant and relies on several physiological factors, such as age, body posture, 
gender and food intake [48]. Gastric transit can span from 0 to 2 h in the fasted 
state and can be extended up to 6 h after food intake [47]. The small intestine is 
the region of choice for drug absorption with a transit time ranging from 2 to 6 h 
in healthy individuals. The dissolution of poorly soluble, weakly acidic compounds 
and lipophilic compounds is greatly enhanced in this region [13]. In colon-specific 
drug delivery, the drug has to cross the whole GIT prior to arrival at the colon. 
Thus, the transit time across the colon can be highly variable, and ranges from 20 
to 56 h in healthy humans, although higher variations are also reported in literature 
amounting up to 72 h [42, 49, 50]. Variations in colonic transit time are affected by 
dosing time, bowel movements as well as gender, whereby females generally have 
longer colonic transit times than males [51, 52].

2.6 Gut microbiome

Enzymatic and microbial degradation of GIT content affects the amount 
ultimately made available for absorption. The active sites for most endogenous 
enzymes are the stomach and small intestine. Even though these enzymes may 
affect the stability of orally administered drugs, it is possible to exploit this property 
for regional drug delivery of formulations in the GIT [47]. On the other hand, the 
intestinal microbiome which includes 500–1000 bacterial species is also important 
for the digestion of food and the metabolism of drugs [53]. Gastrointestinal micro-
biome is found in both upper and lower GIT, whereby, a lower bacterial number 
(1013–1014 bacteria mL−1 of intestinal content) is in the upper GIT because of the fast 
luminal flow, intestinal fluid volume, and the secretion of bactericidal compounds 
in this part of the GIT, and highest bacterial community (1010–1011 bacteria mL−1 of 
intestinal content) is in the colon, in which the redox potential is low and the transit 
time is long [54, 55]. Therefore, greater number of the intestinal microbiome exists 
in the anaerobic colon, in which the fermentation of carbohydrates contributes to 
their nourishment. Usually, orally administered drugs are transformed to bioac-
tive, bio-inactive, or toxic metabolites by the gut microbial population, all of which 
can impede the bioavailability of drug. However, gut microflora can improve drug 
bioavailability by eliminating polar moiety from derived conjugates and thereby 
promoting biliary recycling of compounds [13].

Thus, formulation scientist must be cognizant of the interplay between drug 
and physiological and anatomical manifestations within the GIT when designing 
orally administered dosage forms. For example, enteric coating can be applied to 
dosage forms to delay the release of the API in the acidic gastric fluid until pH above 
5.0 [56]. Enteric coating may also be used to shield acid-labile drugs from gastric 
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distress, and upon arrival to the alkaline pH milieu, the enteric polymer coating 
disintegrates within the intestinal fluid, releasing the drug [57]. Despite employing 
such coatings and other conventional interventions, numerous pharmaceuticals 
still display insufficient bioavailability through the oral route of administration. 
This necessitates the use of alternate strategies. One area of research that is gaining 
traction more recently is the employment of nanoparticles.

3. Nanoparticle technology

Nanoparticle technology is a multidisciplinary field that utilizes principles from 
chemistry, biology, physics and engineering to design and fabricate submicronic 
(< 1 μm) colloidal systems [58]. Nanotechnology has several pharmaceutical and 
medical applications wherein nanoparticles (NPs), with sizes comparable to large 
biological molecules such as enzymes can be employed in the delivery of therapeutic 
agents [59]. The effectiveness of the nanoscale drug delivery vehicles lies on their 
ability to attain the following key attributes [60]:

• The NP must be able to bind or contain the appropriate drug.

• The nanocarrier must stay stable in the serum to allow systemic delivery of the 
therapeutics and only release the drug once at the required site.

• The NP-drug complex has to reach the required site either via receptor-medi-
ated interactions or by the enhanced permeability and retention (EPR) effect.

• The residual NP carrier should ideally be made of a biological or biologically 
inert material with a limited lifespan to allow safe degradation.

There are several types of NP drug delivery systems, which may be broadly 
divided as organic and inorganic NPs [61]. Their particle size, surface charge  
(ζ potential), hydrophilicity/hydrophobicity, composition, etc. can be tailored 
for a diverse applications [62]. The primary consideration when designing orally 
administered NP drug delivery system is to maximise drug concentration in the GI 
therapeutic window.

3.1 Oral organic NP

Organic NP (Figure 2) are solid particles comprised of organic compounds 
(usually lipidic or polymeric) ranging from 10 nm to 1 μm [63]. They can be 
formulated by simple techniques to encapsulate therapeutic agents. Preferably, 
compounds used in formulation of organic NPs should be biodegradable and 
biocompatible [61]. Manifestations of organic NP include liposomal, polymeric and 
solid lipid NP, each system possessing requisite features that addresses physiological 
and anatomic constraints addressed in sections above. In addition, others systems 
such as micelles, dendrimers etc. have been also explored as effective nanocarriers 
for effective deployment of APIs in the GIT [14, 64].

3.2 Oral inorganic NP

Inorganic NP represent a wide spectrum of systems synthesized from metals, 
metal oxides, and metal sulphides [65]. Gold, silica and superparamagnetic oxide 
NP are among the long list of inorganic NP (Figure 3). They have been studied for 
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use in imaging on nuclear magnetic resonance and high-resolution superconducting 
quantum interference devices, and their intrinsic properties have been utilised for 
therapy [66]. Inorganic NP can easily be conjugated to ligands for tumour target-
ing and/or with chemotherapeutics for tumour therapy. Additionally, their surface 
composition can be feasibly manipulated to create NP that can escape the reticulo-
endothelial system [67]. Even though inorganic NP present good stability character-
istics, they have not been the focus of attention in oral NP research, possibly due to 
concerns on the degradation and elimination end products, which can be potentially 
toxic [68].

Generally, inorganic NPs differ conceptually from organic NPs in terms of 
fabrication principles. Inorganic NPs can be formed by the precipitation of inor-
ganic salts, which are linked within a matrix, whilst, most organic NPs are formed 
by several organic molecules through self-organization or chemical binding [61]. 
Notwithstanding, both types of NP are very promising in the formulation of oral 

Figure 2. 
Examples of organic nanoparticle platforms for drug delivery.

Figure 3. 
Examples of inorganic NP platforms for drug delivery.
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delivery system and forms part of the evolutional success in several clinical applica-
tions. Polymeric NP arguably presents more desirable attributes as orally delivered NP 
because of their higher stability, enhanced drug payload and controlled drug release 
capabilities compared with their colloidal counterparts [14, 69].

3.3 Polymeric NP

According to Alexis F. et al., polymeric NP represent the most effective nano-
carrier system for prolonged drug delivery [70]. ‘Polymeric NPs’ include any type 
of polymer formed as NP. Nanospheres are solid spherical NP with molecules 
attached or adsorbed to their surface, whilst nanocapsules are vesicular systems 
with substances confined within a cavity consisting of a liquid core (either water 
or oil) surrounded by a solid shell [71]. Characteristic properties of polymers such 
as molecular weight, hydrophobicity and crystallinity can be explored to mani-
fest controlled drug release kinetics and entrapment of therapeutic agents [72]. 
Polymers also provide significant flexibility in the design of oral NP and many 
exhibit biodegradability [73]. In this regard, synthetic and natural variants have 
been studied. For example poly-lactic-co-glycolic-acid (PLGA) and poly-lactic-acid 
(PLA) are synthetic whilst natural polymers include gelatine, dextran, and chitosan 
[74]. The use of natural polymers is preferred over the synthetic ones as the former 
usually exhibit less toxicity, widely available and have lower production costs [75]. 
Chitosan is arguable one of the most studied polymer in NP formulation in view of 
its distinctive properties. In orally administered NP, chitosan offers added desir-
ability including muco-adhesiveness, augmenting the dissolution rate of poorly 
water-soluble drugs; useful in drug targeting in the GIT [76].

4. Chitosan polymer

Chitosan is a hydrophilic, cationic polysaccharide soluble in dilute acids such as 
acetic acid and formic acid, due to protonated amine groups (NH3+) [75]. It is an 
N-acetylated derivative of chitin, a natural polysaccharide found in the shells of 
marine crustaceans. Chitin is chemically inert and thus has fewer applications that 
chitosan [77]. The acetamido group of chitin, (C2H4NO) can be turned into amino 
group to yield chitosan by the alkaline deacetylation of chitin. Chitosan is approved 
as safe by the United States Food and Drug Administration (US-FDA) for dietary 
use and wound dressing applications, but its toxicity increases with electrical 
charge and degree of deacetylation [17]. Chemically, it comprises of β- [1–4] -linked 
D-glucosamine and N-acetylated units (Figure 4).

The amine group has pKa of 6.2–6.5 [78]. At slightly acidic pH values, the amine 
groups (NH3+) become protonated, hence possessing the ability to effectively form 
electrostatic interactions with negatively charged species within mucin in the GIT 
[75]. Positively charged moieties of chitosan also interact with the tight junctions 
of the intestinal epithelial cells and thus modulate drug permeation and absorption 
through the interstitial space between epithelial cells [79]. Moreover, the existence 
of both hydroxyl and amino groups offers various possibilities for chemical modifi-
cation. Chemical modifications give rise to different functional derivatives of chi-
tosan like carboxylation, thiolation, alkylation, acylation etc. that further imparts 
desirable physiochemical and biopharmaceutical properties, such as solubility, 
adsorption and pH sensitivity in oral drug delivery [80]. For example, N-trimethyl 
chitosan chloride is developed to amplify the intestinal solubility of chitosan; 
thiolated chitosan is produced to augment the mucoadhesiveness of chitosan; 
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use in imaging on nuclear magnetic resonance and high-resolution superconducting 
quantum interference devices, and their intrinsic properties have been utilised for 
therapy [66]. Inorganic NP can easily be conjugated to ligands for tumour target-
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delivery system and forms part of the evolutional success in several clinical applica-
tions. Polymeric NP arguably presents more desirable attributes as orally delivered NP 
because of their higher stability, enhanced drug payload and controlled drug release 
capabilities compared with their colloidal counterparts [14, 69].

3.3 Polymeric NP

According to Alexis F. et al., polymeric NP represent the most effective nano-
carrier system for prolonged drug delivery [70]. ‘Polymeric NPs’ include any type 
of polymer formed as NP. Nanospheres are solid spherical NP with molecules 
attached or adsorbed to their surface, whilst nanocapsules are vesicular systems 
with substances confined within a cavity consisting of a liquid core (either water 
or oil) surrounded by a solid shell [71]. Characteristic properties of polymers such 
as molecular weight, hydrophobicity and crystallinity can be explored to mani-
fest controlled drug release kinetics and entrapment of therapeutic agents [72]. 
Polymers also provide significant flexibility in the design of oral NP and many 
exhibit biodegradability [73]. In this regard, synthetic and natural variants have 
been studied. For example poly-lactic-co-glycolic-acid (PLGA) and poly-lactic-acid 
(PLA) are synthetic whilst natural polymers include gelatine, dextran, and chitosan 
[74]. The use of natural polymers is preferred over the synthetic ones as the former 
usually exhibit less toxicity, widely available and have lower production costs [75]. 
Chitosan is arguable one of the most studied polymer in NP formulation in view of 
its distinctive properties. In orally administered NP, chitosan offers added desir-
ability including muco-adhesiveness, augmenting the dissolution rate of poorly 
water-soluble drugs; useful in drug targeting in the GIT [76].

4. Chitosan polymer

Chitosan is a hydrophilic, cationic polysaccharide soluble in dilute acids such as 
acetic acid and formic acid, due to protonated amine groups (NH3+) [75]. It is an 
N-acetylated derivative of chitin, a natural polysaccharide found in the shells of 
marine crustaceans. Chitin is chemically inert and thus has fewer applications that 
chitosan [77]. The acetamido group of chitin, (C2H4NO) can be turned into amino 
group to yield chitosan by the alkaline deacetylation of chitin. Chitosan is approved 
as safe by the United States Food and Drug Administration (US-FDA) for dietary 
use and wound dressing applications, but its toxicity increases with electrical 
charge and degree of deacetylation [17]. Chemically, it comprises of β- [1–4] -linked 
D-glucosamine and N-acetylated units (Figure 4).

The amine group has pKa of 6.2–6.5 [78]. At slightly acidic pH values, the amine 
groups (NH3+) become protonated, hence possessing the ability to effectively form 
electrostatic interactions with negatively charged species within mucin in the GIT 
[75]. Positively charged moieties of chitosan also interact with the tight junctions 
of the intestinal epithelial cells and thus modulate drug permeation and absorption 
through the interstitial space between epithelial cells [79]. Moreover, the existence 
of both hydroxyl and amino groups offers various possibilities for chemical modifi-
cation. Chemical modifications give rise to different functional derivatives of chi-
tosan like carboxylation, thiolation, alkylation, acylation etc. that further imparts 
desirable physiochemical and biopharmaceutical properties, such as solubility, 
adsorption and pH sensitivity in oral drug delivery [80]. For example, N-trimethyl 
chitosan chloride is developed to amplify the intestinal solubility of chitosan; 
thiolated chitosan is produced to augment the mucoadhesiveness of chitosan; 
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quaternization of chitosan reinforces its impact on the tight junctions of the GIT 
epithelium whilst grafting carboxylated chitosan with poly(methyl methacrylate) 
imparts increased pH sensitivity [81]. Physical modification through blending with 
other polymers may be used to enhance desirable physical properties. For example, 
blending of chitosan with polyethylene glycol (PEG) and polyvinyl alcohol (PVA) 
ameliorate the hydrophilic property of chitosan, while blending of chitosan with 
cellulose improves its antibacterial properties [82].

4.1 Mucoadhesion from chitosan

Some of the key desirable features in orally administered dosage forms 
is delayed GI transit in the duodenum and ability to traverse the epithelium 
effectively. In this regard, chitosan-based NP have been shown to possess these 
attributes. Mucoadhesion refers to the adhesion between two materials, one of 
which is mucosal [83]. It can be utilised to prolong the GI transit of dosage forms 
in the duodenum, thereby improving bioavailability. Delayed transit results from 
interactions of positively charged moieties in chitosan with negatively charged 
moieties in sialic acid within mucin [81]. Chitosan is also capable of physically 
penetrating the mucous network. Prolonged GI residence results in higher net 
drug flux across the GIT membrane. Drug flux is a combination of passive diffu-
sion and uptake of whole NP by Peyer’s patches [84]. Moreover, chitosan offers 
controlled drug release capabilities via diffusion from the matrix. Yin et al. 
prepared thiolated trimethyl chitosan NP for the oral delivery of insulin, where 
increase in the mucoadhesion resulted in increased insulin transport through rat 
intestine and uptake by Peyer’s patches compared to controls. They attributed 
these results to the disulfide bond formation between the NP and mucin [85]. 
Overall, to achieve the desired properties of interest such as particle size, particle 
size distribution and area of application, the mode of preparation of chitosan NP 
plays an essential role.

4.2 Fabrication methods for chitosan NP

The preparation of chitosan NP is principally divided into two approaches. The 
first approach is based on a two-step procedure, where an emulsification system 
is carried out to generate nanodroplets in which organic compounds (polymer, 
monomer, and lipid) are solubilized, followed by precipitation or polymerisation 
into NP [61]. The second approach involves a one-step procedure where the NP 
are directly generated via different mechanisms such as nanoprecipitation or ionic 
gelation [86]. An example of each of the two general approaches is summarized in 
the following.

Figure 4. 
Chemical structure of chitosan, comprising N-acetyl-D-glucosamine (right) and D-glucosamine (left) units.
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4.2.1 Chitosan NP by ionic gelation

Ionic gelation, also known as ionotropic gelation or polyelectrolyte complex-
ation involves the gradual addition of a cross-linking agent (tripolyphosphate, 
glutardehyde etc.) into an aqueous solution of chitosan under continuous stirring 
to form hydrogels [87]. The polyanions from the cross-linker forms a meshwork of 
structures by interacting with the polyvalent cations within chitosan, leading to 
gelation [88]. APIs can be loaded into these hydrogels during the production where 
it becomes encapsulated or added to the formed NP, where it can be adsorbed into 
the matrix. The choice of the cross-linker should be matched to the desired physical 
characteristics of the NP, such as mechanical strength, as well as safety profiles. For 
example, glutardehyde reported to be toxic when used in high concentrations and 
results in NP with low mechanical strength. This has been attributed to its double 
bond (–C=N–) association with the amine group in chitosan [89]. Genipin is a 
natural cross-linker obtained from iridoid glucoside (geniposide) and present in 
gardenia fruits that can be cross-linked with chitosan. It displays slower degradation 
rate than glutaraldehyde and possess higher biocompatibility. Sodium tripolyphos-
phate (STPP) displays better crosslinker characteristics than each of the above 
because of its inorganic nature and consequently, results in production of chitosan 
NP with better mechanical stability. The size dimension derived from STPP gelled 
chitosan NP is of lower order as well. Another attractive feature of STPP is that it is 
nontoxic, relatively inexpensive, multivalent, has quick gelling property and thus, 
widely utilised as a crosslinker in chitosan-based NP [90–92].

4.2.2 Emulsion evaporation

Polymeric nano-emulsions are formulated whereby organic solvent is added to 
a solution of chitosan with surfactant and mixed via sonication [93]. Basically, the 
emulsion droplets are converted into NP suspension as the organic solvent evapo-
rates by continuous magnetic stirring at room temperature. The NP suspensions are 
then centrifuged, washed with distilled water to remove additives such as surfac-
tants and finally lyophilized [94]. Poovi et al. encapsulated the poorly water-soluble 
drug, repaglinide, into chitosan NP using the emulsion evaporation for sustained 
release. They proved that the NP exhibited a controlled release of repaglinide and 
obtained a high drug loading (11.22% w/w) and encapsulation efficiency (97.0%) 
[95]. In another study, Lee et al. employed solvent evaporation method to formulate 
polymeric NP from chitosan derivatives fluorescein isothiocyanate (FITC) - con-
jugated glycol CSs (FGCs) using diluted chloroform as the solvent. Size range of 
150–500 nm were obtained and the NP remained stable in phosphate buffered 
saline for 20 days at 37°C [96].

4.3 In vitro drug release from chitosan NP

In vitro drug release studies give us insights on the response of formulated 
delivery systems to challenges in in vivo. The rate and extent of in vitro drug release 
from chitosan-based NP is influenced by a host of factors, notably, shape and size 
of the of the delivery system, physicochemical properties of the drug and external 
media [97]. Three primary mechanisms govern the drug release from chitosan NP, 
which includes desorption (release of drug from surface), diffusion, and erosion/
degradation of the particle matrix [98]. Erosion or degradation of polymers lead to 
successive physical depletion of the polymer as chains and bonds break [99]. Drug 
release from the chitosan NP matrix is often pH dependent because of the solubility 
of chitosan in acidic media [100]. In acidic media, the matrix swells or disentangles 
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quaternization of chitosan reinforces its impact on the tight junctions of the GIT 
epithelium whilst grafting carboxylated chitosan with poly(methyl methacrylate) 
imparts increased pH sensitivity [81]. Physical modification through blending with 
other polymers may be used to enhance desirable physical properties. For example, 
blending of chitosan with polyethylene glycol (PEG) and polyvinyl alcohol (PVA) 
ameliorate the hydrophilic property of chitosan, while blending of chitosan with 
cellulose improves its antibacterial properties [82].

4.1 Mucoadhesion from chitosan

Some of the key desirable features in orally administered dosage forms 
is delayed GI transit in the duodenum and ability to traverse the epithelium 
effectively. In this regard, chitosan-based NP have been shown to possess these 
attributes. Mucoadhesion refers to the adhesion between two materials, one of 
which is mucosal [83]. It can be utilised to prolong the GI transit of dosage forms 
in the duodenum, thereby improving bioavailability. Delayed transit results from 
interactions of positively charged moieties in chitosan with negatively charged 
moieties in sialic acid within mucin [81]. Chitosan is also capable of physically 
penetrating the mucous network. Prolonged GI residence results in higher net 
drug flux across the GIT membrane. Drug flux is a combination of passive diffu-
sion and uptake of whole NP by Peyer’s patches [84]. Moreover, chitosan offers 
controlled drug release capabilities via diffusion from the matrix. Yin et al. 
prepared thiolated trimethyl chitosan NP for the oral delivery of insulin, where 
increase in the mucoadhesion resulted in increased insulin transport through rat 
intestine and uptake by Peyer’s patches compared to controls. They attributed 
these results to the disulfide bond formation between the NP and mucin [85]. 
Overall, to achieve the desired properties of interest such as particle size, particle 
size distribution and area of application, the mode of preparation of chitosan NP 
plays an essential role.

4.2 Fabrication methods for chitosan NP

The preparation of chitosan NP is principally divided into two approaches. The 
first approach is based on a two-step procedure, where an emulsification system 
is carried out to generate nanodroplets in which organic compounds (polymer, 
monomer, and lipid) are solubilized, followed by precipitation or polymerisation 
into NP [61]. The second approach involves a one-step procedure where the NP 
are directly generated via different mechanisms such as nanoprecipitation or ionic 
gelation [86]. An example of each of the two general approaches is summarized in 
the following.

Figure 4. 
Chemical structure of chitosan, comprising N-acetyl-D-glucosamine (right) and D-glucosamine (left) units.
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4.2.1 Chitosan NP by ionic gelation

Ionic gelation, also known as ionotropic gelation or polyelectrolyte complex-
ation involves the gradual addition of a cross-linking agent (tripolyphosphate, 
glutardehyde etc.) into an aqueous solution of chitosan under continuous stirring 
to form hydrogels [87]. The polyanions from the cross-linker forms a meshwork of 
structures by interacting with the polyvalent cations within chitosan, leading to 
gelation [88]. APIs can be loaded into these hydrogels during the production where 
it becomes encapsulated or added to the formed NP, where it can be adsorbed into 
the matrix. The choice of the cross-linker should be matched to the desired physical 
characteristics of the NP, such as mechanical strength, as well as safety profiles. For 
example, glutardehyde reported to be toxic when used in high concentrations and 
results in NP with low mechanical strength. This has been attributed to its double 
bond (–C=N–) association with the amine group in chitosan [89]. Genipin is a 
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150–500 nm were obtained and the NP remained stable in phosphate buffered 
saline for 20 days at 37°C [96].

4.3 In vitro drug release from chitosan NP

In vitro drug release studies give us insights on the response of formulated 
delivery systems to challenges in in vivo. The rate and extent of in vitro drug release 
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and may act as an effective barrier to drug diffusion. The extent of drug diffusion 
through this gelled matrix depends on the diffusivity of the drug [99]. In alkaline 
media, the polymer matrix does not swell and drug release is controlled mainly 
by passive diffusion into the medium and the polymer plays an insignificant role 
in the drug release profile. If the drug is weakly bound to the surface of the NP, 
an initial burst release occurs [97]. In vitro drug release from chitosan NP usually 
show a two-step pattern with an initial rapid release followed by sustained release 
[101]. Patel et al. observed that rifampicin- chitosan NP presents a burst effect in 
the early stages followed by slow sustained drug release in which 90% of rifampicin 
was released in the range of 28–34 h. A good correlation fit was obtained between 
the cumulative drug released and square root of time, signifying that the drug 
release from the NP is diffusion-controlled as described by the Higuchi model. 
They concluded that rifampicin release from chitosan NP is pH dependent, i.e., 
faster at a lower pH than around neutral pH [102]. Similarly, Avadi et al. observed 
that insulin-loaded gum arabic/chitosan NP present a burst effect release in acidic 
medium, relating it to high solubility of both chitosan and insulin. No burst release 
was observed at higher pH values of 6.5 and 7.2. They concluded that the release 
followed a non-Fickian transport, governed by diffusion and/or swelling of the 
chitosan chains [103]. The performance of chitosan NP in the GIT depends on its 
response to the external milieu as discussed above. Equally important is how the 
GIT responds to the presence of NP. The following section describes the conse-
quence of NP deployment in the GIT in the management of selected diseases and 
expected responses.

4.4 Chitosan as an oral delivery vehicle for therapeutics

As mentioned in sections 4.1 and 4.2, extensive research presented the potential 
of chitosan as an oral absorption enhancer owing to its mucoadhesive properties 
and ability to loosen tight junctions within the GI epithelia, hence permitting the 
passage of macromolecular therapeutics across a “well-organised” epithelia [100]. 
Moreover, due to various characteristics; i.e. non-toxic, biodegradable, biocompat-
ible, antimicrobial property etc. [104], chitosan NP hold promise as a suitable oral 
delivery vehicle for a wide spectrum of therapeutics including, anti-cancer drugs, 
antibacterial agents, polyphenolic compounds and protein drugs.

4.4.1 Anti-cancer drug delivery

Chemotherapeutic APIs usually exhibit low bioavailability following oral admin-
istration. Several studies have investigated chitosan-based NP as a possible delivery 
system to address this issue. For example, doxorubicin (Dox), broadly employed 
to treat breast, bladder and other cancers, is typically delivered intravenously. The 
oral bioavailability of Dox is low due to efflux transporter P-glycoprotein, which 
identifies Dox as a substrate, restraining its cellular uptake [105]. In 2013, Feng et al. 
developed chitosan/o-carboxymethyl chitosan (CS/CMCS) NP as a pH responsive 
carrier for the oral delivery of Dox. They investigated the bioavailability of orally 
administered Dox-CS/CMCS NP and free Dox drug on Sprague–Dawley rats. 
Negligible Dox was detected in plasma after the oral dosage of free Dox, represent-
ing its poor absorption. On the other hand, 2.3-folds increase in plasma concen-
tration of Dox was registered after an oral dose of Dox-CS/CMCS NP. Moreover, 
accumulation of Dox in the liver, spleen and lungs were demonstrated in rats treated 
with oral Dox- CS/CMCS NP, as opposed to DoX solution which was more concen-
trated in the kidneys. They concluded that the NP matrix improved the intestinal 
absorption of Dox and thus improved oral bioavailability [106].
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Gemcitabine (Gem) is a widely prescribed anticancer agent used in pancreatic, 
lung and advanced colon cancer. Oral administration of Gem results in low oral 
bioavailability, high first-pass clearance gastrointestinal toxicity, such as nausea, 
vomiting and diarrhoea [107]. Hosseinzadeh et al. synthesised and characterised 
chitosan/Pluronic® F-127 (Gem-Chi/PF) NP in oral delivery of Gem for the 
treatment of colon cancer. In vitro studies showed that the NP presented enhanced 
cytotoxicity effects against HT-29 cell line and concluded that Gem-Chi/PF NP is a 
potential candidate for colon cancer treatment [108].

4.4.2 Anti-bacterial agent delivery

Chitosan impedes the growth of bacteria, fungi, and yeast [109]. It exhibits 
potential antimicrobial properties at pH below 6.0 because of the positively 
charged – NH3

+ at the C-2 position within the glucosamine. Low molecular weight 
chitosan derived NP integrate with bacterial DNA, impeding mRNA synthesis. 
Conversely, the NH3

+ in high molecular chitosan derived NP interact with the 
negatively-charged cell wall in microorganisms and subsequently amend cell 
permeability [110]. Alqahtani et al. formulated chitosan NP from high and low 
molecular weight variants to encapsulate the non-antibiotic diclofenac sodium 
(DIC). The antibacterial properties of NP from low and high molecular weight 
of chitosan on Staphylococcus aureus and Bacillus subtilis was significantly higher 
than from DIC alone. The antibacterial activity of chitosan was higher from the 
high molecular weight chitosan at pH = 5.5 [111]. In another in vitro study, Qi et al., 
investigated the antibacterial activity of chitosan NP and copper-loaded chitosan 
NP against various microorganisms (E. coli, S. choleraesuis, S. typhimurium and S. 
aureus). The antibacterial activity of chitosan NP and copper-loaded chitosan NP 
were significantly higher than from chitosan and doxycycline alone. Furthermore, 
copper-loaded NP indicated higher antibacterial activity against microorganism 
compared to chitosan NP void of copper. They concluded that this is due to the 
higher surface charge density of copper-loaded NP that improves the affinity of the 
cargo with the negatively charged bacteria membrane. Clearly, the antimicrobial 
property of chitosan is demonstrable and may augment the antibacterial effects of 
therapeutic antimicrobial when administered orally.

4.4.3 Polyphenolic compounds delivery

Secondary plant metabolites in the form of polyphenolic compounds have gained 
wide attention by scientists due to their wide spectrum of pharmacological activities, 
including antioxidant, antimicrobial and anticancer properties. Most however suffer 
from poor systemic bioavailability following oral administration due to low solubility 
and susceptibility to GI degradation. To overcome this constraint, chitosan-based NP 
have been proposed as a possible delivery intervention, which not only protect these 
APIs from GI degradation but also improves bioavailability [112]. Curcumin (CUR) 
is a polyphenol that has been studied extensively. It is derived from the rhizomes 
of Curcuma longa and active against a range of cancers in in vitro setups [113, 114]. 
However, preclinical and clinical data indicate that oral administration of CUR results 
in poor systemic bioavailability and high susceptibility to metabolic degradation [115]. 
In a study by AlKhader et al., the pharmacokinetic and anti-colon cancer properties 
of curcumin-containing chitosan-pectinate NP (CUR-CS-PEC-NPs) were evaluated. 
The cellular uptake and subsequent anti-proliferative effects of the CUR-CS-PEC-NPs 
were boosted at low CUR concentration after 48 and 72 hours of treatment compared 
to free CUR at equivalent dose. Besides, the carrier provided protection to CUR from 
acidic degradation. After oral administration of CUR-CS-PEC-NPs and free CUR at 
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10 mg/ml in rats a 4-fold increase in CUR concentration was detected compared to 
that of free CUR. Their findings indicated a null release of CUR in the upper GIT and 
a successful delivery of CUR to the colon with increased bioavailability of delivered 
CUR with time from CUR-CS-PEC-NPs for 24 h. Hence, rapid degradation metabo-
lism of free CUR was noticed at the same duration. They concluded that this formula-
tion may serve as a suitable delivery system for CUR to the colon in which CUR will be 
available on site for its chemotherapeutic activity against tumour [116].

4.4.4 Protein drug delivery

Proteins are the building blocks of life and required in replicating organisms. 
Their high molecular weight, chemical and enzymatic susceptibility in the GIT, low 
diffusion rate through the mucosa barrier and fast systemic clearance, limit their 
delivery via oral route. As a result, most proteins are administered parenterally. 
Fortunately, chitosan-based NP are emerging as promising means for the delivery of 
protein drugs by the oral route through a combination of shielding GI pH, enzymatic 
degradation and facilitation of epithelial uptake [117]. In a study by He et al., chito-
san-STPP insulin NP (CS/STPP/insulin) were orally administered to Type I diabetic 
rat models in comparison to free insulin solution. Free insulin solution failed to 
elicit any difference in the blood glucose level, whilst CS/STPP/insulin NP distinctly 
reduced the blood glucose levels by up to 59% within 8 hours. Crucially, CS/TPP/
insulin NP allowed for a fast recovery of blood sugar level when fasting was halted. 
Moreover, the CS/TPP/insulin NP exhibited negligible toxicity to liver enzymes, con-
firming the safety profile of the orally delivered CS/TPP/insulin NP. They concluded 
that CS/TPP NP are an effective oral delivery vehicle for insulin [118]. In another 
study, Tan et al. demonstrated better in vitro uptake and safety profile from ampho-
tericin B-containing chitosan coated nanostructured lipid carrier (ChiAmpB NLC) 
than from uncoated NLC [119]. The same authors later demonstrated better in vivo 
uptake from ChiAmpB NLC in rats than from uncoated NCL [120]. They attributed 
the observed increase in systemic bioavailability to increased mean absorption and 
mean residence times (MAT and MRT) from ChiAmpB NLC than from naked NLC. 
This was prompted by the mucoadhesive effect imposed by chitosan.

5. Conclusion

The oral route of administration remains formidable in the systemic delivery of 
therapeutics. It affords patient compliance, ease of administration and flexibility 
and remains the favourite choice for administration by patients. However, orally 
administered therapeutics may undergo premature release in the upper GIT which 
may render them to enzymatic or pH degradation. Therapeutics that are delivered to 
the absorptive window are susceptible to efflux pump and metabolic enzymes (e.g., 
cytochrome P450 enzymes) within the GIT epithelia, which is itself a structural bar-
rier. Scientist involved in the design of therapeutics intended for GI delivery must 
be cognizant of the above constraints and balance these with the physicochemical 
properties of the therapeutic. Recent evidence attest to the fact that appropriately 
formulated NP may be fit for this pursuit. In this regard, chitosan NP is the subject 
of intense interest because it is readily available, biocompatible, biodegradable, 
mucoadhesive and influences traversing of therapeutics across the GI epithelia. We 
expect to see more evidence on the application of chitosan in the oral delivery of 
therapeutics, especially in the form of NP. Further studies on toxicity related issues 
in vivo will assist in discerning any unanticipated effects in humans. These will pave 
the way for running clinical trials in humans in near future.
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Abstract

Oral delivery is the most common and preferred route of drug administration 
due to its convenience and ease of administration. However, various factors such 
as poor solubility, low dissolution rate, stability, and bioavailability of many drugs 
remain an ongoing challenge in achieving desired therapeutic levels. The delivery of 
drugs must overcome various obstacles, including the acidic gastric environment, 
the presence of the intestinal efflux and influx transporters and the continuous 
secretion of mucus that protects the gastrointestinal tract (GIT). As the number 
and chemical diversity of drugs has increased, various strategies are required to 
develop orally active therapeutics. One of the approaches is to use chitosan as a 
carrier for oral delivery of peptides, proteins as well as vaccines delivery. Chitosan, a 
non-toxic N-deacetylated derivative of chitin appears to be under intensive progress 
during the last years towards the development of safe and efficient chitosan-based 
drug delivery systems. This polymer has been recognised as a versatile biomaterial 
because of its biodegradability, biocompatibility, and non-toxicity. This chapter 
reviews the physicochemical characteristics of chitosan and the strategies that have 
been successfully applied to improve oral proteins, peptides, and vaccines bioavail-
ability, primarily through various formulation strategies.

Keywords: chitin, chitosan, bioavailability, oral delivery, peptides, vaccines

1. Introduction

The extent of drug bioavailability has been shown to be influenced by the route 
of drug administration. Oral drug route needs travelling through the continuous 
passageway of the GIT, which makes them susceptible to the harsh environment of 
GIT. Drugs intended for administration via this route can be formulated in a variety 
of dosage forms, such as tablets, capsules, solutions, and powders.

Due to its high patient compliance and ease of administration, the oral route 
of administration is preferred among other routes. Self-administration is possible 
with great compliance and reduced risk in developing systemic side effects, which is 
the major concern in the parenteral route [1]. Despite that, the oral delivery system 
approaches for certain drugs are challenging, especially the delivery of peptide 
drugs and vaccines [2].

The normal physiological functions of GIT are to digest food and to interfere 
with pathogen entry. These functions need to be considered as peptide drugs 
and vaccines tend to be digested together with food in the presence of digestive 
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enzymes. The highly acidic pH in the stomach and the presence of proteolytic 
enzymes such as protease and pepsin can cause protein degradation [1].

Furthermore, they will have difficulties in permeating the physical barrier of the 
mucus lining, which prevents pathogenic substances from penetrating the cell [3]. 
Owing to these challenges, protein and peptide drugs are suitable to be administered 
via parenteral routes such as intravenous or subcutaneous injection [4]. However, 
these routes require frequent administration with long-term use which will develop 
patient incompliance to medication [4]. In such a manner, the approach to improve 
the oral delivery of peptide drugs and vaccines by using suitable polymers are 
needed to enhance drug effectiveness and patient compliance.

Chitin is the second most abundant polysaccharide present in nature. However, 
it has more applications when converted to chitosan by partial deacetylation under 
alkaline conditions [5]. Chitosan is a positively charged polymer that can improve 
the bioavailability of the oral drug delivery system. It has been used to improve the 
formulation of peptide drugs, resulting in enhanced cell permeability, which allows 
an adequate therapeutic concentration of drugs into the systemic circulation [6].

For protein and peptide therapeutics, factors such as poor permeability, luminal, 
brush border, cytosolic metabolism, and hepatic clearance mechanisms result in 
their poor bioavailability from oral and non-oral mucosal routes [7]. Oral vaccina-
tion is prone to reduce the adequacy of vaccine to be recognised by the immune 
system due to the presence of gut microbiota and intestinal barrier. Peptide drugs 
and vaccines can be protected from the degradative barrier of the GIT by encap-
sulating the drugs into the polymeric chitosan as potential carrier material. The 
development of nanotechnology, such as nanoparticle systems to transport peptide 
drugs through the epithelial membrane has been established [6, 8]. Besides, the 
modification of chitosan is needed to exert its function as a polymer and to protect 
the drug from enzymatic degradation [9].

This work reviews the physicochemical properties and numerous applications of 
chitosan, describes its release mechanisms, challenges in oral peptides and vaccines 
delivery, and strategies to overcome these barriers to improve oral peptides and 
vaccines bioavailability.

1.1 Chitosan

Chitosan is a strong base with linear polysaccharides consisting of 
D-glucosamine, which contains amino groups [10]. The hydrolysis of chitin will 
produce chitosan through alkaline hydrolysis or N-deacetylation (Figure 1). 
Due to protonable amino groups presence in chitosan, this polymer can be easily 

Figure 1. 
The N-deacetylation of chitin into chitosan.
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dissolved in pH below 6.3. However, both chitosan and chitin are insoluble in an 
aqueous medium.

Chitin or chitosan is highly available from different species of shrimps, prawns 
and crabs. These seafood shells release chitosan, which shows properties of antimi-
crobial and antioxidant activity.

1.2 Characterisation of chitin and chitosan

One of the differences between chitosan and chitin is the presence of amino 
groups. Amino group in chitosan exhibits high solubility in acidic medium and able 
to form complexes with metal ions. These positive charges interact with drugs and 
physiological barriers in the GIT, which is useful in the formulation design of the 
drug delivery system [9].

Some factors affect chitosan properties, including the degree of deacetylation, 
degree of substitution, and molecular weight [9, 11]. These factors should be 
considered before using chitosan as a polymer in a drug delivery system. Most of 
the chitosan applications are affected by these factors through intermolecular or 
intramolecular hydrogen bonds [12].

1.2.1 Degree of deacetylation and molecular weight of chitosan

The degree of chitosan deacetylation will affect its biological activity, including 
swelling rate, molecular weight, crystallinity and polydispersity. The deacetylation 
process leads to the protonation of the amino groups [13]. A highly positive charge 
will improve the activity of chitosan as mucoadhesive permeation enhancing [14] 
and haemostatic agent [15]. Sometimes, the degree of deacetylation can be used to 
estimate the water solubility of chitosan [11] as shown in Table 1.

The degree of deacetylation can influence the particle size and molecular weight 
of chitosan [13]. The removal of the acetyl group in the structure of chitosan or 
chitin from deacetylation reduces the interaction between molecules. A low number 
of acetyl groups minimises the chain length, thus reducing the molecular weight of 
the polymer [16].

The molecular weight of the polymer will influence the degree of swelling 
[17]. High molecular weight chitosan (HMWC) tends to have a higher cross-link-
ing ability. Therefore, the drug-coated with HMWC tends to release more slowly 
[18]. This characteristic is favourable in sustained-release oral drug delivery.

Generally, the lower the molecular weight, the higher solubility of chitosan is 
obtained [13, 19]. HMWC appears in α-chitin crystalline or antiparallel structure. 
The structure forms after the release of water, which leads to the loss of entropy 
during aggregation of the polymeric chain [13]. This phenomenon results in the 
loss of Gibbs free energy. Gibbs free energy (G) is a way to predict the amount of 

Degree of deacetylation Level Water solubility

55–70% Low Completely insoluble

70–85% Middle Partly dissolved

85–95% High Good solubility

95–100% Ultrahigh Completely soluble

Table 1. 
Relationship between degree of deacetylation of chitosan and their water solubility [11].
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Generally, the lower the molecular weight, the higher solubility of chitosan is 
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Degree of deacetylation Level Water solubility

55–70% Low Completely insoluble

70–85% Middle Partly dissolved

85–95% High Good solubility

95–100% Ultrahigh Completely soluble

Table 1. 
Relationship between degree of deacetylation of chitosan and their water solubility [11].
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usable energy in the system. Loss of energy means the reaction in the system tends 
to be spontaneous.

The α-chitin crystalline form exhibit lower water solubility as compared to 
β-chitin. The shorter polymeric chain of low molecular weight chitosan (LMWC) is 
unlikely to aggregate [11]. Interaction between molecules declines due to the forma-
tion of the hydrogen bonds is limited. A short chitosan chain contains a low number 
of amino groups [20].

1.2.2 Crystalline structure

Chitin exists in three different polymorphic forms, which are α-chitin, β-chitin, 
and γ-chitin (Figure 2). The interaction between C═O⋯NH and C═O⋯OH main-
taining the strength of the polymeric network chain [13]. α-chitin appears in its 
antiparallel structure and the chain is interacting through both inter-and intramo-
lecular hydrogen bond. β-chitin has a parallel structure, which leads to the forma-
tion of the intramolecular hydrogen bond. γ-chitin consists of both antiparallel and 
parallel structure, as it is the combination of α-chitin and β-chitin [21].

β-Chitin exhibits better water solubility but less common as compared to 
α-chitin [14]. It has been shown that α-chitosan has a higher crystallinity index 
as compared to β-chitin. However, the crystallinity index for both forms is lower 
than the raw chitosan [21]. The crystallinity index will increase when the degree of 
deacetylation of chitosan increases [16].

The β-chitin has a high affinity to the organic solvent due to its structural flex-
ibility [14]. It exhibits higher reactivity than α-chitosan due to a lack of hydrogen 
bond. This form has a high capability to swell between crystalline structures while 
losing its crystalline fraction [21]. The swelling of β-chitin sometimes disrupts the 
polymeric chain and crystalline structure.

Figure 2. 
The different conformational structure between α-chitin, β-chitin and γ-chitin (adapted from [14]).
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1.2.3 Polydispersity and particle size of chitosan

The particle size of chitosan plays a major role in developing an efficient carrier 
for peptide drugs [22]. Monodisperse preparation of nanoparticles is desirable to 
provide better bioavailability and low toxicity [23]. Polydispersity leads to a larger 
size distribution, which interferes with the tendency for the nanocarrier to accumu-
late in the target tissue [23].

Polydispersity describes the degree of non-uniformity of size distribution 
between molecules due to the aggregation or agglomeration of the polymeric 
network. It can be estimated using the polydispersity index (PDI), where the ideal 
index for chitosan nanoparticles is below 0.3 [22, 23]. The degree of deacetylation 
and molecular weight of chitosan have been proven to influence the polydispersity 
of the system [24].

PDI increases with an increase in molecular weight. However, it decreases as the 
degree of deacetylation increases [23]. The increase of amino group protonation 
and removal of the acetyl group from chitosan structure lead to the enhancement 
of repulsive forces between molecules and stretch the chitosan to become larger in 
size [11, 24]. Therefore, the development of chitosan with the optimum degree of 
deacetylation is needed to minimise the risk of polydispersity. This can be achieved 
by modifying the time and temperature of the de-N-acetylation process [18].

The degree of entanglement for HMWC nanoparticles is higher than LMWC. 
Therefore, HMWC nanoparticle has a high tendency to aggregate with each other 
and disrupt the uniformity of the system [25]. However, LMWC cannot be loaded 
into nanoparticles with smaller size due to its limitation to entangle to the structures 
of the system [26]. Therefore, maintaining the particle size of the chitosan is crucial 
in the development of a chitosan nanoparticle.

1.3 Modification of chitosan as biomaterial

Modified chitosan shows greater advantages as compared to unmodified chitosan. 
The modification of chitosan either chemically or physically may improve its solubil-
ity, properties of gelling, and biocompatibility. This modification can be done through 
cross-linking or substitution [27]. The presence of the various reactive functional 
groups in the chitosan structure makes it available in many derivatives with different 
stability properties.

1.3.1 Quaternisation

A quaternary ammonium salt is a hydrophilic group with a permanent posi-
tive charge. Therefore, quaternary chitosan does not need an acidic condition to 
undergo protonation [12, 28]. It allows chitosan quaternary ammonium salts to be 
soluble in both acidic and basic pH. This is a good approach to increase chitosan 
solubility in water [28].

The high strength of the positive charge will weaken the hydrogen bond. 
However, this activity depends on the degree of substitution. The higher the degree 
of substitution, the higher the water solubility of chitosan. This will improve the 
quality of chitosan to act as a mucoadhesive agent that aids the penetration into 
mucus [29].

Trimethyl chitosan (TMC) is an example of a chitosan derivative from quater-
nisation. This modification is effective in enhancing the bioavailability of anti-
bacterial drugs with antibacterial properties. Moreover, quaternised chitosan also 
exhibits antibacterial properties by the interaction of its positive charge with the 
negative charge of Gram-negative bacteria [28–30].
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1.2.3 Polydispersity and particle size of chitosan

The particle size of chitosan plays a major role in developing an efficient carrier 
for peptide drugs [22]. Monodisperse preparation of nanoparticles is desirable to 
provide better bioavailability and low toxicity [23]. Polydispersity leads to a larger 
size distribution, which interferes with the tendency for the nanocarrier to accumu-
late in the target tissue [23].

Polydispersity describes the degree of non-uniformity of size distribution 
between molecules due to the aggregation or agglomeration of the polymeric 
network. It can be estimated using the polydispersity index (PDI), where the ideal 
index for chitosan nanoparticles is below 0.3 [22, 23]. The degree of deacetylation 
and molecular weight of chitosan have been proven to influence the polydispersity 
of the system [24].

PDI increases with an increase in molecular weight. However, it decreases as the 
degree of deacetylation increases [23]. The increase of amino group protonation 
and removal of the acetyl group from chitosan structure lead to the enhancement 
of repulsive forces between molecules and stretch the chitosan to become larger in 
size [11, 24]. Therefore, the development of chitosan with the optimum degree of 
deacetylation is needed to minimise the risk of polydispersity. This can be achieved 
by modifying the time and temperature of the de-N-acetylation process [18].

The degree of entanglement for HMWC nanoparticles is higher than LMWC. 
Therefore, HMWC nanoparticle has a high tendency to aggregate with each other 
and disrupt the uniformity of the system [25]. However, LMWC cannot be loaded 
into nanoparticles with smaller size due to its limitation to entangle to the structures 
of the system [26]. Therefore, maintaining the particle size of the chitosan is crucial 
in the development of a chitosan nanoparticle.

1.3 Modification of chitosan as biomaterial

Modified chitosan shows greater advantages as compared to unmodified chitosan. 
The modification of chitosan either chemically or physically may improve its solubil-
ity, properties of gelling, and biocompatibility. This modification can be done through 
cross-linking or substitution [27]. The presence of the various reactive functional 
groups in the chitosan structure makes it available in many derivatives with different 
stability properties.

1.3.1 Quaternisation

A quaternary ammonium salt is a hydrophilic group with a permanent posi-
tive charge. Therefore, quaternary chitosan does not need an acidic condition to 
undergo protonation [12, 28]. It allows chitosan quaternary ammonium salts to be 
soluble in both acidic and basic pH. This is a good approach to increase chitosan 
solubility in water [28].

The high strength of the positive charge will weaken the hydrogen bond. 
However, this activity depends on the degree of substitution. The higher the degree 
of substitution, the higher the water solubility of chitosan. This will improve the 
quality of chitosan to act as a mucoadhesive agent that aids the penetration into 
mucus [29].

Trimethyl chitosan (TMC) is an example of a chitosan derivative from quater-
nisation. This modification is effective in enhancing the bioavailability of anti-
bacterial drugs with antibacterial properties. Moreover, quaternised chitosan also 
exhibits antibacterial properties by the interaction of its positive charge with the 
negative charge of Gram-negative bacteria [28–30].
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1.3.2 Sulfonated chitosan

Sulfonated chitosan is water-soluble anionic chitosan, which was derived with 
N-benzyl disulfonated derivative [31]. This modification of chitosan has been 
shown to be effective, not only as antiviral and antibacterial but also as anticoagu-
lant properties. Sulfonated chitosan interferes with the interaction between the 
envelope glycoprotein (gp120) and its receptor on the CD4 cells’ surface. Therefore, 
It inhibits the replication of HIV [32].

Sulfonated chitosan has been developed to carry anticoagulant drugs such as 
reviparin and enhance the anticoagulant activity. Sulfonated chitosan nanoparticles 
interact with factor Xa and inhibit their function in the blood clotting mechanism 
[31, 33]. Low molecular weight sulfoethyl chitosan acts as capping of nanopar-
ticles [33]. A capping agent is needed in the nanoparticulate system to prevent 
agglomeration.

Amphotericin B is used to treat fungal infection by binding to ergosterol on the 
cell membrane of fungal. It depolarises the membrane and alters its permeability 
[34]. Sulfonated chitosan has been used in the formulation of amphotericin B to 
reduce the side effects of the drug by making sure the drug specifically targets the 
ergosterol of fungal [35].

1.3.3 Thiolation

The structure of mucin that coats the intestinal epithelial cell contains the 
cysteine-rich domain. This domain easily forms a disulfide bond with a thiolated 
derivative of chitosan. The bond formations increase the residence time for the 
chitosan to the mucus and increase the mucoadhesive property of the chitosan 
[30, 36]. When chitosan covalently bonded with any thiolated moiety, water-
soluble carbodiimide is required as a cross-linker [30]. Carbodiimide increases the 
number of thiol groups. This enhances the immobilisation phenomena, which is 
the formation of disulfide bonds due to the activation of carboxylic groups.

The thiolation of TMC with the conjugation of cysteine residue increases 
the strength of covalent bonding between mucin. The covalent bond forma-
tion of chitosan with thioglycolic acid (TGA) is an effective carrier in delivering 
trimethoprim for urinary tract infection [37]. The preparation of chitosan-TGA 
nanoparticles should be stabilised by covalent cross-linking with polyanion, such 
as tripolyphosphate [38]. The cross-linking minimise the risk of particle aggrega-
tion, increases the disulfide bond, and strengthens the mechanical force between 
networks, which allows trimethoprim to be released slowly [37].

The conjugation of chitosan with glutathione will protect peptide drugs from 
aminopeptidase in the GIT [39]. Glutathione has thiol groups which exhibit strong 
electron-donating properties. It forms an α-peptide bond with cysteine moiety of 
aminopeptidase [30]. Glutathione also acts as an antioxidant which reduces oxidative 
stress and increases the adhesion of formulation to the cell [30].

1.3.4 Carboxy alkyl chitosan

The poor water solubility of chitosan makes them less effective as a permeation 
enhancer. The addition of the carboxyalkyl group will transform the molecule into 
amphoteric in nature and allow them to react in both basic and acidic conditions 
[40]. The interaction between the carboxyl group and the primary amino group of 
chitosan exhibits a promising approach in developing controlled drug release.

The Schiff base reactive gives rise to the formation of the N-carboxymethyl 
derivative of chitosan [41]. This modification of chitosan has been shown to improve 
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the absorption of low molecular weight heparin (LMWH). After coating into 
polydopamine, the conjugation of LMWH with carboxymethyl chitosan into poly-
urethane substrate shows excellent hemocompatibility of heparin. This modification 
enhances the bioavailability and improves the anticoagulant effect of heparin [42].

Propranolol hydrochloride has a short half-life and requires every 6 to 8 hours 
in a divided daily dose. The use of carboxymethyl chitosan will coat the drug with 
a polymer matrix. It controls the release of drug with zero-order kinetics, allowing 
the constant amount of drug will be eliminated per unit time. The hydration of 
carboxymethyl chitosan will form a gel layered around the drug, which essential in 
drug release [43, 44].

1.4 Release mechanisms of chitosan nanoparticle

The release of drugs from the chitosan nanoparticle is influenced by the hydro-
philicity of chitosan and pH of the swelling solution. Chitosan release mechanism 
involves swelling, diffusion of drugs through the polymeric matrix and polymer 
erosion [45]. Due to the hydrophilicity of chitosan, chitosan nanoparticles exhibit 
pH-dependent drug and controlled drug release system [6].

Acid and base act as catalysts in the degradation of polymers [46]. Therefore, the 
behaviour of swelling and the amount of drug released is highly dependent on the 
pH of the swelling solution. Hence, a modified drug release can be achieved [46]. 
When polymers get into contact with an aqueous medium, the water will diffuse 
into the polymer until the polymer swells (Figure 3).

Figure 3. 
The swelling of swellablepolymers in aqueous medium (adapted from [49]).
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tion, increases the disulfide bond, and strengthens the mechanical force between 
networks, which allows trimethoprim to be released slowly [37].
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electron-donating properties. It forms an α-peptide bond with cysteine moiety of 
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stress and increases the adhesion of formulation to the cell [30].
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amphoteric in nature and allow them to react in both basic and acidic conditions 
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the absorption of low molecular weight heparin (LMWH). After coating into 
polydopamine, the conjugation of LMWH with carboxymethyl chitosan into poly-
urethane substrate shows excellent hemocompatibility of heparin. This modification 
enhances the bioavailability and improves the anticoagulant effect of heparin [42].

Propranolol hydrochloride has a short half-life and requires every 6 to 8 hours 
in a divided daily dose. The use of carboxymethyl chitosan will coat the drug with 
a polymer matrix. It controls the release of drug with zero-order kinetics, allowing 
the constant amount of drug will be eliminated per unit time. The hydration of 
carboxymethyl chitosan will form a gel layered around the drug, which essential in 
drug release [43, 44].

1.4 Release mechanisms of chitosan nanoparticle

The release of drugs from the chitosan nanoparticle is influenced by the hydro-
philicity of chitosan and pH of the swelling solution. Chitosan release mechanism 
involves swelling, diffusion of drugs through the polymeric matrix and polymer 
erosion [45]. Due to the hydrophilicity of chitosan, chitosan nanoparticles exhibit 
pH-dependent drug and controlled drug release system [6].

Acid and base act as catalysts in the degradation of polymers [46]. Therefore, the 
behaviour of swelling and the amount of drug released is highly dependent on the 
pH of the swelling solution. Hence, a modified drug release can be achieved [46]. 
When polymers get into contact with an aqueous medium, the water will diffuse 
into the polymer until the polymer swells (Figure 3).

Figure 3. 
The swelling of swellablepolymers in aqueous medium (adapted from [49]).
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The polymeric chitosan chain will start to detangle. The swelling polymer will 
form pores which allow drugs to diffuse out of the nanoparticulate system [6, 43, 47]. 
Therefore, the water solubility of chitosan is crucial in the mechanism of drug release 
from the nanoparticulate system.

1.5 The use of chitosan to improve drug delivery system

Oral drug administration is the most convenient route, especially among the 
elderly and children. Unfortunately, some drugs and vaccines cannot withstand 
the physiological barrier of GIT. In the presence of mucus, proteolytic enzymes, 
and first-pass metabolism by the liver, drugs tend to be degraded or converted 
into inactive metabolites [48]. Some drugs will be excreted in the urine lead to low 
bioavailability.

Due to the challenges aforesaid, chitosan and its derivatives have been used 
in the development of nanotechnology to improve oral drug delivery [25, 30]. It 
encapsulates drugs to protect them from degradation in the GIT environment. 
As a consequence of its excellent biodegradable, biocompatibility, and non-toxic 
properties, chitosan promotes a stimuli-responsive release of drugs. It allows active 
ingredients to be released from the formulation in a controlled manner, specifically 
in enteric-coated drugs [38, 43].

Due to its antimicrobial properties, it was used in the delivery of oral antibiotics to 
eradicate Gram-negative bacteria such as E. coli [49]. This approach not only improves 
the bioavailability of antibiotic in the body but also indirectly enhance the effective-
ness of the drugs in eradicating the infection [15].

2. The properties of protein and peptide

A peptide is made up of short polymers of ⍺-amino acid, which is around 20 to 
50 amino acids. The function of small peptides depends on the functional group 
of various amino acids. Examples of active peptides are glutathione, bradykinin, 
angiotensin, vasopressin and oxytocin [4].

Protein is a macromolecular and high molecular weight polypeptide, which 
is made up of long-chain amino acids (more than 50) arranged in a linear chain 
through peptide bonds [50]. It can exist in four different structural conformations 
such as primary, secondary, tertiary, and quaternary. The formation of these struc-
tures is dependent on the intermolecular interaction between functional groups of 
amino acids [51], through covalent bonds or non-covalent bonds.

The covalent bonds are strong bonds which include peptide bonds and disulfide 
bonds [51]. Peptide bonds are interactions between two consecutive amino acids 
through amino and carboxyl groups. Meanwhile, disulfide bonds link two cysteine 
residues through sulphhydryl groups [52].

On the other hand, non-covalent bonds are weak bonds that include hydrogen, 
electrostatic and hydrophobic bonds. Hydrogen bonds link two different peptides 
with the hydrogen atom of the N-H group and oxygen of the carboxylic group. 
Hydrophobic bonds will occur if the hydrophobic nature between non-polar side 
chains of amino acid interacts with each other [51].

3. Oral peptide delivery

The physiological barriers in the GIT responsible for protecting the body 
from the entry of pathogens. These barriers may reduce the bioavailability of the 
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protein. The barriers aforesaid include biochemical, cellular, and mucus barriers 
(Figure 4) [53].

The entire GIT has been coated with mucus. Mucus also promotes a physical 
barrier between the lining of epithelial and lumen [54]. It contains mucin protein 
which secretes proteolytic enzymes and traps peptide drugs through electrostatic 
interaction [55].

The epithelium of the GIT consists of an intestinal epithelial stem and microfold 
cells (M-cell) [48]. These cells are responsible for controlling protein uptake from 
the gut lumen into the bloodstream. Since protein drug is a macromolecule, the 
presence of protein complexes between adjacent epithelial cells prevents paracel-
lular transport of drug [56]. Meanwhile, transcellular transport is limited only to 
highly lipophilic molecules, unless the transportation is mediated by P-gp [57].

Figure 4. 
Physiological barriers to oral protein and peptide delivery (adapted from [53]).



Chitin and Chitosan - Physicochemical Properties and Industrial Applications

58
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angiotensin, vasopressin and oxytocin [4].
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is made up of long-chain amino acids (more than 50) arranged in a linear chain 
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such as primary, secondary, tertiary, and quaternary. The formation of these struc-
tures is dependent on the intermolecular interaction between functional groups of 
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bonds [51]. Peptide bonds are interactions between two consecutive amino acids 
through amino and carboxyl groups. Meanwhile, disulfide bonds link two cysteine 
residues through sulphhydryl groups [52].

On the other hand, non-covalent bonds are weak bonds that include hydrogen, 
electrostatic and hydrophobic bonds. Hydrogen bonds link two different peptides 
with the hydrogen atom of the N-H group and oxygen of the carboxylic group. 
Hydrophobic bonds will occur if the hydrophobic nature between non-polar side 
chains of amino acid interacts with each other [51].
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protein. The barriers aforesaid include biochemical, cellular, and mucus barriers 
(Figure 4) [53].

The entire GIT has been coated with mucus. Mucus also promotes a physical 
barrier between the lining of epithelial and lumen [54]. It contains mucin protein 
which secretes proteolytic enzymes and traps peptide drugs through electrostatic 
interaction [55].

The epithelium of the GIT consists of an intestinal epithelial stem and microfold 
cells (M-cell) [48]. These cells are responsible for controlling protein uptake from 
the gut lumen into the bloodstream. Since protein drug is a macromolecule, the 
presence of protein complexes between adjacent epithelial cells prevents paracel-
lular transport of drug [56]. Meanwhile, transcellular transport is limited only to 
highly lipophilic molecules, unless the transportation is mediated by P-gp [57].

Figure 4. 
Physiological barriers to oral protein and peptide delivery (adapted from [53]).
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Due to the physical and chemical instability of protein in the GIT, they would 
not achieve an acceptable therapeutic bioavailability. The nature of the GIT as great 
physiology to digest food will be a barrier for protein drugs to penetrate through 
the membrane. The challenges and strategies to improve the protein drug delivery 
through oral administration need to be considered to ensure the drug achieves 
adequate therapeutic concentration in the body [58].

3.1 Challenges in oral peptide delivery

3.1.1 The presence of proteolytic enzyme and pH of GIT

GIT is the hollow organs include the oral cavity, stomach, small intestine, large 
intestine, and colon. Each part of the GIT is varying in pH. However, most proteins 
are stable at neutral pH and tend to undergo protein denaturation at the extreme 
changes in pH [48]. A building block of protein is sensitive to pH. In the presence of 
hydrochloric acid in the stomach, hydrolysis will occur and the disulphide bonds of 
peptide will be reduced.

Acidic pH environment activates the conversion of pepsinogen into pepsin 
[59], by transferring hydrogen ion (H+). Pepsin is responsible for the breakdown 
of peptide bonds which will interfere with the structure and stability of the 
peptide [59].

In the small intestine, the pancreatic juice is secreted in the duodenum. This 
juice contains pancreatic enzymes and bicarbonate ions (HCO3

−) [48]. The pancre-
atic enzymes consist of amylase, lipase, and protease, which are responsible for the 
digestion of lipid and peptide. Protease catalyses the proteolysis rate, which cleaves 
peptide bonds through hydrolysis [4, 58].

The presence of chymotrypsin and peptidase in the jejunum interferes with pep-
tide absorption in the epithelial membrane [48]. Peptide drugs are digested before it 
reaches the membrane and the fraction of the undigested peptide will reduce. This 
physiological function will lower the possibility for the therapeutic concentration of 
peptides to be achieved in the systemic circulation [58].

3.1.2 The intestinal barrier to drug absorption

The layers of the epithelial cell of the intestine are covered by mucus or mucin 
glycoproteins [55]. These glycoproteins will form a gel layer that covers the surface 
of the intestinal cell. The diffusion rate for the peptide to the epithelial membrane is 
restricted in the presence of mucus [54].

One of the intestinal mucosal epithelial cells is the goblet cell. Goblet cells 
are responsible for secreting mucin 2 in the intestine and Mucin-5b in the colon. 
Lubricate the passage for chime is the main function of the mucus layer, protecting 
the epithelium from mechanical damage of GIT [54].

The overexpression of mucin will interfere with the pharmacokinetics of drugs. 
The higher the concentration of the mucin, the lower the ability of a drug to diffuse 
through the membrane. Drugs and mucin interact through hydrophobic and Van 
der Waals interaction.

Large amounts of enzymes present within the mucus layer increase the tendency 
to digest peptide drugs [58]. The ionic strength, pH, and chyme content in the 
intestine will affect the charge density in the mucin [54]. The presence of a charged 
group on mucin interact ionically with charged particles and immobilised them in 
the mucus. The immobilisation of peptides leads to the clearing from the tract when 
the layer of mucus is shed [60].
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3.1.3 Tight junctions between adjacent epithelial cells

Tight junctions are protein complexes that existed within the adjacent epithelial 
cells [48]. It prevents leakage and restricts the flux of substances through the para-
cellular pathway [61]. They consist of transmembrane protein with extracellular 
domains called Claudin 4 (CLDN4). CLDN4 protects the paracellular physiological 
function of GIT [62].

The linkage of CLDN4 domains with zonula occludens 1 will result in the con-
nection of cytoskeleton components through linker protein [62]. The components 
include actin, myosin and microtubules which involve in the contraction of muscle, 
upon phosphorylation. The contraction leads to cellular tightness, hence, reduce the 
permeability of substance into the cell.

3.2 Strategies to improve oral peptide delivery system using chitosan

The effective delivery of oral peptide drugs can be achieved by altering the formu-
lation for maximum solubility, avoid enzymatic degradation and enhance the absorp-
tion of drugs through the intestinal epithelial cell [63]. For the sake of preventing 
enzymatic degradation or inactivation, the addition of enzyme or protease inhibitor 
is a great approach (Figure 5). Proteolytic enzymes are responsible for cleaving pro-
tein molecules into an inactive amino acid chain. Protease inhibitors such as aprotinin 
and chromostatin can be used to prevent the inactivation of protein drugs [7].

As discussed earlier, protein molecules show poor permeability through various  
mucosal surfaces and biological membranes. The improvement of membrane 
permeability can be achieved by the inclusion of a permeation enhancer into the 
formulation. Permeation enhancers are either tight junction selective or membrane 
perturbing [61].

Chitosan and its derivatives have been used as an enzyme inhibitor, permeation 
enhancer and mucoadhesive agent [30]. With the different mechanism, modifica-
tion, and preparation technique, this polymer also involves in the encapsulation of 
peptide drugs into the nanoparticulate system [60], which protect them from harsh 
GIT environment.

Figure 5. 
Strategies to improve oral peptide delivery system (adapted from [53]).
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3.2.1 Enzyme inhibition

There are two types of protease, including serine protease and Zn2+-dependent 
protease. Serine proteases, such as trypsin, chymotrypsin and elastase are pan-
creatic digestive enzymes. Meanwhile, Zn2+-dependent protease such as matrix 
metalloproteinase is an insulin-degrading enzyme [64]. Some enzyme inhibitors 
need chitosan to enhance their anti-protease activity and minimise peptide drug 
degradation [64]. For example, chymostatin is a protease inhibitor selectively to 
chymotrypsin-like serine proteases. This inhibitor will covalently be linked to the 
amino group of chitosan.

The active site of matrix metalloproteinase, such as carboxypeptidase, 
contains Zn2+ binding motif. It requires Zn2+ to promote nucleophilic attack by 
water. This protease cleaves membrane-bound pre-proteins of the cell to release 
cytokine. The ethylenediaminetetraacetic acid (EDTA) is a complexing agent 
that is capable of forming a complex with Zn2+ and retard the nucleophilic attack 
of water on carboxypeptidase. To inhibit the Zn2+-dependent protease, the 
EDTA is covalently bound to the primary amino groups of the chitosan-inhibitor 
conjugate [27, 65].

Moreover, the study showed that the effect of trypsin inhibitors would be dis-
rupted after the gastric phase. Therefore, the encapsulation of the peptide drug and 
trypsin inhibitor with chitosan-EDTA conjugates improve the controlled release of 
the molecules.

3.2.2 Chitosan as a mucoadhesive agent

Chitosan derivatives improve the permeation of water-soluble drug molecules 
due to their ability to adhere to the mucus [30]. Thiolated chitosan shows a greater 
effect in improving drug permeation through the cell membrane. With the forma-
tion of disulfide bridges, the thiol group of chitosan interacts with the cysteine-rich 
subdomains of mucus and allows greater mucoadhesion. Thus, the absorption of 
the peptide drug molecule increases with residence time [30].

It is worth noting that chitosan with a low degree of acetylation and high 
molecular weight leads to high charge density. The higher positive charge density of 
chitosan will bind to negatively charged tight junction channels. Ion displacement 
occurs, leading to intracellular spaces loosening [16].

The integrity and permeability of tight junctions can be illustrated with tran-
sepithelial electrical resistance (TER). The ability of TMC [66] and carboxymethyl 
chitosan [67] in decreasing the TER will increase the permeability of peptide drugs. 
TMC has been used to formulate buserelin, a synthetic peptide analogue for LHRH 
agonist, by the oral delivery system [68].

Thiolated chitosan, such as glutathione, cysteine and N-acetylcysteine, have 
strong mucoadhesive properties due to covalent bonding with cysteine-rich 
subdomains of the mucus glycoprotein. For chitosan-glutathione, this derivative 
improves chitosan stability, enhanced mucoadhesion and permeation enhancing 
effect. This system has been applied to the oral delivery of immunostimulant drug, 
thymopentin [30].

Chitosan-cysteine shows similar mucoadhesive but improved cohesion as 
compared to unmodified chitosan. The cohesiveness of polymeric drug formula-
tion is crucial to ensure the stability of the drug and will be released in a controlled 
manner. Furthermore, chitosan-N-acetylcysteine produces a longer retention time 
than unmodified chitosan. However, no drugs have been tested yet for these two 
chitosan derivatives [30].
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3.2.3 Encapsulation of peptide into the nanocarrier

By encapsulating peptides into a nanoparticulate system, enzymolysis and 
peptide aggregation can be avoided. This approach enhances the absorption of 
peptide drugs through the transmembrane of the small intestinal epithelium [69]. 
Nanoparticle will provide controlled-release properties in the presence of chitosan 
as a polymer. This condition will reduce repetitive dose administration and improve 
drug bioavailability [43]. In the presence of chitosan as a mucoadhesive agent, the 
retention time between formulation and absorption site will be maximised.

Cyclosporine is a cyclic peptide drug used to suppress the immune system, 
after organ transplantation. Cyclosporine with high molecular weight (1.32 kDa) 
shows poor bioavailability with low permeability through the biological barrier. 
Conventional oral cyclosporine has been shown to have an unpredictable low 
therapeutic concentration in the bloodstream.

Therefore, a nanoparticle drug delivery system is a promising strategy to 
improve the oral bioavailability of cyclosporine. Chitosan nanoparticles in the 
presence of tripolyphosphate, as a cross-linker, make it more convenient as com-
pared to conventional ones. The bioavailability of the nanoparticulate cyclosporine 
increases by 73% [69]. Exendin-4 is a glucagon-like peptide-1 receptor agonist that 
has been approved to control type 2 diabetes mellitus. This peptide drug has high 
susceptible to enzymatic degradation [70]. Chitosan-tripolyphosphate conjugated 
nanoparticle was used to design oral suspension and enteric-coated capsules of 
exendin-4 to increase the bioavailability of exendin-4 slightly.

3.2.4 Efflux pump inhibition

Efflux pump is a membrane protein located within the cytoplasmic membrane 
of a cell. It translocates a variety of substrates across extra- and intra-cellular 
membranes. Multidrug efflux pump can be one of the drug resistance mecha-
nisms, as it pumps foreign substances (or drugs) out of cells. This active process is 
an ATP-dependent [71].

P-glycoprotein (P-gp) is a transmembrane glycoprotein and the best example of 
a multidrug efflux pump. It is expressed and located in the intestinal epithelium, 
liver cells and proximal tubule cells of the kidney. P-gp is also located within the 
blood–brain barrier (BBB), which provides an obstacle for drugs to enter the region. 
Therefore, it must be difficult for antipsychotic drugs to bypass BBB and exert their 
effect [57, 71, 72].

Chitosan may enhance drug permeation by opening of tight junctions which is 
highly related to CLDN4 [73]. Chitosan will modulate CLDN4 protein redistribu-
tion to the cytosol and disrupt tight junctions [62]. This phenomenon will enhance 
paracellular permeability and reduce TER. Thus, declining barrier function of 
epithelial cells to allow drugs to enter the cell [74].

Furthermore, the use of thiolated chitosan (thiomer) has shown to be useful in 
bypassing the P-gp. The thiol-moiety of thiolated chitosan may allow the formation 
of disulfide bonds between the cysteine groups of the P-gp [9]. The thiomers then 
enter the channels of the P-gp pump together with the therapeutic agent, which 
obstruct the function of the multidrug efflux pump [57].

For infectious disease by Gram-negative bacteria, chitosan plays an important 
role in facilitating effective delivery of antimicrobials to the infection site [15, 49]. 
Chitosan will encapsulate drugs and carry them into bacterial cells by attraction 
forces between polycationic chitosan and negatively charged bacteria [49]. This 
action avoids the efflux pump at the cell membrane of the bacterial cell.
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4. Oral vaccine delivery system

Vaccination is one of the most cost-effective approaches to prevent infectious 
diseases such as hepatitis B, tetanus, polio, and rabies. Vaccines contain pathogens, 
either live-attenuated, inactive or killed antigen [75]. These pathogens will be 
administered in the body and recognised by the immune system.

The oral delivery of vaccines is quite challenging as the pathogen is introduced 
into the body. It is mandatory to ensure mucosal immune response works effectively 
to protect the body against the pathogen and their toxin [54].

As the vaccine enters the intestine, its presence will trigger the inductive site, 
the Peyer’s patches. The Peyer’s patches consist of M-cell which will allow the entry 
of the antigen through endocytosis. The antigen then will be transported into 
intraepithelial dendritic cells or macrophages and be taken up by the cell through 
phagocytosis [76].

The antigen-loaded dendritic cell will present the antigen fragment on its 
surface and triggers the activation of naive CD4+ T-cells. The activated CD4+ T-cells 
will bind to the antigen fragment, MHC class II. This binding releases chemical 
mediators, interleukin-2 (IL-2), that function to regulate the activity of lympho-
cytes for immunity. IL-2 stimulates the cell division of CD4+ T-cells, activates 
B-cells and cytotoxic T-cells. B-cell is responsible for mediating humoral immunity 
by differentiating into plasma cells. Plasma cells will generate antibodies to fight 
against pathogens [77].

5. Challenges in oral vaccine delivery system

Viral protein requires the right structural conformation to attach to the host cell 
and replicate. Highly acidic in the stomach and extreme temperature changes will 
cause protein denaturation. The denaturation of the virus will alter the conforma-
tion of its structure [58]. The high temperature will break the phosphodiester bond. 
However, at low temperature, the degradation of the nucleic acid will also lead to 
viral inactivation [78].

Furthermore, to transport vaccines orally, it should be able to overcome the 
biological barrier of the intestinal epithelial cell such as tight junction and mucus. 
The hydrophilic antigen cannot cross the phospholipid bilayer to enter systemic 
circulation due to the function of tight junction in controlling the permeability of 
the membranes. Therefore, the uptake of the antigen to mucosal tissue is limited 
with a short time of exposure [78].

The GIT contains normal flora or microbiota which help in maintaining 
the structure of the gut mucosal barrier [55]. Those microbiotas not only aid 
nutrient metabolism, but they also possess an action to protect against invading 
pathogens [79, 80]. Well-balance microbiota is needed to induce the effective-
ness of vaccines through oral administration. The delivery of the vaccine will 
be interrupted in patients with microbiota dysbiosis, leading to blunted vaccine 
response [80].

The induction of danger signals appropriately by the vaccine is essential to 
trigger an immune response [81]. Due to these limitations, there is a problem 
in inducing an adequate immune response against administered pathogens [3]. 
Consequently, a higher and repetitive dose is required. Nevertheless, the admin-
istration of high antigen doses repetitively may develop systemic oral tolerance 
towards vaccines [3, 78].
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6. Strategies to improve oral vaccine delivery system using chitosan

The uptake of antigen by immune cells depends on the particle size of the antigen. 
The smaller size of pathogens is readily taken up by dendritic cells [75]. The same 
goes for peptide, encapsulation of pathogens in nanoparticles is a good approach to 
improve the effectiveness of vaccines in stimulating the immune system [75].

Small particle size is required to penetrate the mucus. The formulation will be 
excluded out from the layer of mucus if particle size greater than normal mucus 
pore size (100–500 nm). This leads to the interruption in the bioavailability of 
antigen to targeted antigen-presenting cell (APC). Therefore, the development 
of nanoparticulate systems is required to provide a smaller size (20 – 40 nm) of 
formulation [82].

Medium molecular weight chitosan (MMWC) with the degree of deacetylation 
of 85% has been shown to improve the delivery of ovalbumin antigen with the 
presence of alginate and calcium phosphate (CaP). CaP has adjuvant properties by 
activating the surface expression of B-cell. CaP can be coated with mucosal pene-
trating polymers, such as chitosan and alginate to avoid biodegradation by enzymes 
present in the GIT [82]. In the stomach, the alginate-chitosan-coated CaP nanopar-
ticle delays the release of ovalbumin antigen. The antigen then will be released in 
the intestine and colon with a sustained-release mechanism. This nanocarrier has 
successfully encapsulated ovalbumin antigen with small size (< 50 nm) [82].

The antigen should be transported to the intestine and directly to the M-cell of 
the Peyer’s patches [6]. Chitosan develops well-protected mucoadhesion by pro-
longing the residence time at mucosal surfaces. The uptake of antigen by epithelial 
cells of the intestine will be improved by chitosan. An increase in the activity of 
macrophages will improve the secretion of mucosal IgA and IgG [76].

7. Conclusions

Chitosan-based drug formulation has gained attention for their ability to serve as 
a carrier and an enhancer for oral delivery of peptides and vaccines. Although oral 
delivery is the most convenient and preferred route of administration, however, it 
has limitations due to the presence of the proteolytic enzyme, pH of GIT and the 
intestinal barrier to drug absorption. In recent years, there has been considerable 
research interest in the application of chitosan as an enzyme inhibitor, mucoadhe-
sive agent and efflux pump inhibitor. Interaction of positively-charged amino groups 
of chitosan with negatively-charged sialic acid groups that exist in mucin prolongs 
the residence time between drugs and membranes, therefore enhancing the bioavail-
ability of the drugs. Other formulation strategies include encapsulation of proteins, 
peptides and vaccines into a nanoparticulate delivery system. By encapsulating 
peptide into a nanocarrier system, the enzymolysis and peptides aggregation can be 
avoided thus enhances the absorption of peptide drugs in the intestinal epithelium. 
Similarly, encapsulation of pathogens in nanoparticles is a good approach to improve 
the effectiveness of vaccines in stimulating the immune system.
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istration of high antigen doses repetitively may develop systemic oral tolerance 
towards vaccines [3, 78].
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6. Strategies to improve oral vaccine delivery system using chitosan

The uptake of antigen by immune cells depends on the particle size of the antigen. 
The smaller size of pathogens is readily taken up by dendritic cells [75]. The same 
goes for peptide, encapsulation of pathogens in nanoparticles is a good approach to 
improve the effectiveness of vaccines in stimulating the immune system [75].

Small particle size is required to penetrate the mucus. The formulation will be 
excluded out from the layer of mucus if particle size greater than normal mucus 
pore size (100–500 nm). This leads to the interruption in the bioavailability of 
antigen to targeted antigen-presenting cell (APC). Therefore, the development 
of nanoparticulate systems is required to provide a smaller size (20 – 40 nm) of 
formulation [82].

Medium molecular weight chitosan (MMWC) with the degree of deacetylation 
of 85% has been shown to improve the delivery of ovalbumin antigen with the 
presence of alginate and calcium phosphate (CaP). CaP has adjuvant properties by 
activating the surface expression of B-cell. CaP can be coated with mucosal pene-
trating polymers, such as chitosan and alginate to avoid biodegradation by enzymes 
present in the GIT [82]. In the stomach, the alginate-chitosan-coated CaP nanopar-
ticle delays the release of ovalbumin antigen. The antigen then will be released in 
the intestine and colon with a sustained-release mechanism. This nanocarrier has 
successfully encapsulated ovalbumin antigen with small size (< 50 nm) [82].

The antigen should be transported to the intestine and directly to the M-cell of 
the Peyer’s patches [6]. Chitosan develops well-protected mucoadhesion by pro-
longing the residence time at mucosal surfaces. The uptake of antigen by epithelial 
cells of the intestine will be improved by chitosan. An increase in the activity of 
macrophages will improve the secretion of mucosal IgA and IgG [76].

7. Conclusions

Chitosan-based drug formulation has gained attention for their ability to serve as 
a carrier and an enhancer for oral delivery of peptides and vaccines. Although oral 
delivery is the most convenient and preferred route of administration, however, it 
has limitations due to the presence of the proteolytic enzyme, pH of GIT and the 
intestinal barrier to drug absorption. In recent years, there has been considerable 
research interest in the application of chitosan as an enzyme inhibitor, mucoadhe-
sive agent and efflux pump inhibitor. Interaction of positively-charged amino groups 
of chitosan with negatively-charged sialic acid groups that exist in mucin prolongs 
the residence time between drugs and membranes, therefore enhancing the bioavail-
ability of the drugs. Other formulation strategies include encapsulation of proteins, 
peptides and vaccines into a nanoparticulate delivery system. By encapsulating 
peptide into a nanocarrier system, the enzymolysis and peptides aggregation can be 
avoided thus enhances the absorption of peptide drugs in the intestinal epithelium. 
Similarly, encapsulation of pathogens in nanoparticles is a good approach to improve 
the effectiveness of vaccines in stimulating the immune system.
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GIT Gastrointestinal tract
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LMWC Low molecular weight chitosan
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TMC Trimethyl chitosan
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P-gp P-glycoprotein
CLDN4 Claudin 4
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Abstract

Bone is the second most transplanted organ, just after blood. It provides structural 
support, protection for organs and soft tissues. It holds some critical biological pro-
cesses such as the bone marrow blood forming system. It is responsible for storing and 
supplying minerals such calcium and phosphate. Bone is a connective tissue formed 
by two predominant phases: an inorganic phase containing mainly apatitic calcium 
and phosphate and an organic phase made of fibrous type I collagen. This natural 
biocomposite has many biological features such osteoconductivity, osteoinductivity, 
osteogenicity and is subject to a continuous remodeling process through osteoclastic 
and osteoblastic activities. In biomedical engineering, the restoration of damaged 
hard tissue with autologous bone is not always possible or even the best option. 
The development of some safe and low-cost alternatives such as biocomposites that 
mimic organic and calcified bone materials have shown very good results and offer 
an alternative to autologous bone implants. However, the mechanical properties of 
biocomposites still present a big challenge as a hard tissue substitute. This chapter 
reviews the properties of bone substitute materials chitosan and calcium phosphates, 
discusses strategies used in the treatment of calcified hard tissues as well as new 
approaches developed in this field.

Keywords: Bone, Chitosan, Calcium phosphate, Bioceramics, Biocomposites

1. Introduction

Bone is the second most transplanted tissue in the world, second only to blood 
[1]. Hundreds of millions of people worldwide are affected by musculoskeletal 
conditions which are on the increase with aging population and lifestyle. Bone is a 
critical tissue within the vertebrates. It is a dynamic organ with many functions. It 
provides load bearing, body structural support onto which musculature is attached, 
protection for vital organs and soft tissues (brain, heart, lung, etc), and enables 
locomotion and motor functions. It is the host of important biological processes 
critical cells such as postnatal stem cell populations that support hematopoiesis, 
myelopoiesis, and skeletogenesis. Bone is also responsible for storing and supplying 
of minerals such as calcium and phosphate [2]. Native bone is a connective tissue 
made of two predominant components: a mineralized and an unmineralized phase. 
The mineralized inorganic phase contains mainly crystalline apatitic calcium phos-
phate (70%), water (20%), and the non-mineralized organic phase (10%) is made 
of fibrous type I collagen, proteins, polysaccharides and lipids (Figure 1) [3].
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This natural biological “composite” [4] has many biological features such 
osteoconductivity, osteoinductivity, osteogenicity and is subject to continuous 
remodeling and regeneration process through osteoclastic and osteoblastic activi-
ties. The hard tissues in vertebral is not uniform tissue it could be dense and hard 
like dental enamel and cortical bone or spongy and highly porous like a foam as the 
cancellous bone.

Hard tissue repair is a multifaceted, coordinated physiological process that requires 
new tissue formation and resorption, eventually returning the fractured bone, for 
example, to its original state. Bone has the capacity of regenerating itself, especially in 
noncritical size defects. However, large bone defects caused by trauma, injuries, tumor 
resections, infections, would not heal spontaneously, and would require a bone substi-
tute grafting material to fill the bony void for proper regeneration to take place [5].

The first documented bone transplant was performed in 1668 by a Dutch 
surgeon, Jacob van Meekeren, when he used dog cranium (xenograft) to repair a 
soldier’s skull defect. The success of the grafting technique was discovered later 
when the soldier came back asking for removal of the “dog bone,” because it cost 
him excommunication from the church. Meekeren discovered then that the bone 
healed so well it was impossible to remove the graft. The first human to human bone 
graft performed was in 1880 by Scottish surgeon William Macewan. He replaced 
the infected humerus of a 4- year-old boy with a tibia graft taken from a child with 
rickets [6]. The use of synthetic bone grafts could be traced back to as early as 1892 
when Dreesmann reported on the results of filling osseous defects with calcium 
sulfate [7]. Since then, hundreds of thousands of bone grafting surgeries have been 
performed on humans and animals.

In 1980, major health issues related to safety of bone donors (Aids and 
Hepatitis) has brought the associated problems of contamination and spread of 
dangerous diseases to the spotlight. Some years later, (1986) the discovery of the 
contagious pandemic bovine spongiform encephalopathy (BSE) and the porcine 
endogenous retrovirus (PERVs) [8], made more obvious the necessity of alterna-
tive safe bone substitute materials in bone transplant procedures. This provided 
a considerable boost to research and development in the usage of synthetic bone 
substitutes as a safe and an affordable alternative to natural bone materials. 
Since then, many technologies have been adopted and used to produce bone-like 
products with tailored biological, physical, and chemical properties, includ-
ing plasma projection [9], sol-gel [10], composites, foaming, nanotechnology, 
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3D-printing techniques, additive manufacturing [8, 11] and some biological 
therapies that involve usage of growth factors, proteins, peptides, stem cells or 
gene therapies [12, 13].

Nowadays, many options are available to regenerate or replace bone in clinical 
conditions. The main clinical approach is using a natural or a man-made bone or bone 
induction materials (see Table 1). There are three categories of natural bone, a large 
family of synthetic bone substitutes and biological factors-based approaches. (Table 1).

In bone regeneration therapy, the gold standard has been the autograft (patient’s 
own harvested bone) [1, 9, 14]. However, autograft treatment is not always pos-
sible or even the best option. It is also limited by the volume of bone that can be 
harvested from the iliac crest and subsequently transplanted into the defect site. 
Furthermore, post-operative complications include morbidity at the harvest site, 
chronic pain, infection, local hematoma and, in some cases, remodeling issues of 
the implanted bone [8].

The established safety, efficacy, and abundance of supply of advanced synthetic 
bone-substitute materials made them stand as an attractive and effective alternative to 
the autogenous bone gold standard. On-going research in the field and a growing body 
of clinical data points to an even more promising future for these substitutes. Some 
calcium phosphate bioceramics, for example, display remarkable clinical performances 
and research and technological developments keep intensifying with the aim of bridg-
ing the gap to the ideal bone grafting material which would possess the three principal 
characteristics of the gold standard: osteogenicity, osteconduction and osteoinduction.

In human and animal medicine, orthopedic and dental surgeries, alloplastic 
biomaterials for hard tissue repair are divided in two categories that can be classi-
fied as per their biological responses:

i. The bio-inert materials category: They can be permanent or implanted 
for short-term and removed or replaced, like metallic dental or orthopedic 
implants. They are generally made of titanium, stainless-steel, nickel, zirco-
nia or made of synthetic polymers, e.g., polymethylmethacrylate (PMMA) 
or Polyether ether ketone (PEEK).

Category Advantage Limitations

Autografts No biological risk, osteogenic, 
osteoinductive, contain live 
cells

Limited supply Donor site, inflammation 
and chronic pain, site morbidity, Requires 
a second surgery, No mechanical

Allograft Greater supply compared to 
autograft tissue

• Reduced osteogenic, -Immune rejec-
tions, Disease transmission (AIDS, 
Prion), Slow resorption

Xenograft 
(demineralized)

Unlimited supply could be 
osteoconductive

• Reduced osteoinductive, osteogenic 
properties, Immune rejections, Disease 
transmission (Mad cow)

Synthetic (Alloplastic) Pure, Unlimited supply, 
Longer shelf life, tuneable 
properties

Do not have any biological factor,

Metal and polymeric 
based implants

Biocompatible, Load bearing 
applications

Not biodegradable, Bioinert, some toxicity 
(monomer, metal debris)

Cells, growth factors, 
BMP, PePgen, Ifactors

Natural Requires biomaterial carrier, Limited 
applications, side effects (BMP)
No mechanical

Table 1. 
Available therapies used to regenerate/support bone tissue.
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ii. The bioactive biomaterials: They are mostly resorbable at different levels. 
It is a large family of bone substitutes that vary in type and composition such 
as bioglass, calcium sulfate, calcium phosphate bioceramics (CaP), biopoly-
mers and biocements. They could also be in tunable forms such as powder, 
granules, blocs, paste or injectables. They offer a dynamic choice of material 
and applications.

In this chapter we will review some interesting development and advancement 
made in biomaterial sciences in regeneration of natural hard tissues through man 
made products. We will focus on the polysaccharide polymer, chitosan, similar 
to the organic phase of natural bone and cartilage and calcium phosphate based 
bioceramics, similar to the inorganic phase of natural bone. We will present some 
tested biocomposites formulations made out the combination of the two biomateri-
als to mimic the composition and structure of natural bone and discuss the success 
and limitation of the technology.

2. Chitosan biomedical and regenerative features

Many biomaterials are available in the market for medical, cosmetic, and phar-
maceutical applications. In tissue engineering, synthetic or natural biopolymers 
make one of the fastest growing niche segments of biomaterials. The growth is prob-
ably driven by the wide range of possibilities offered by their chemistry for different 
applications and the increasing demand of the biotechnology industry market.

After cellulose, chitin is the most abundant and beneficial structural 
non soluble organic biopolymers found on Earth. Chitin, a long polymer of 
N-acetylglucosamine, is the primary compound naturally found in the exoskeleton 
of arthropods such as crabs and shrimps, and in the cell membranes of fungi, 
yeasts, and other microorganisms. Deacetylation of some of acetylglucosamine 
units of chitin has brought a very interesting polysaccharide biopolymer to the 
biotechnology field, especially the biomedical area; chitosan (CS). CS is a polysac-
charide composed of successive acetylglucosamine and N-glucosamine units, where 
the number of N-glucosamine units is called the degree of deacetylation (DDA) 
[15] (usually 55% < DDA < 99%). CS macromolecules gained increasing attraction 
during the last three decades in research and industrial fields, especially in water 
treatment processes, pharmaceutical and biomedical engineering. Its chemistry 
with three reactive functional groups of amin/acetamido groups and primary and 
secondary hydroxyl groups allows for a large spectrum of possible chemical modi-
fications and substitutions of its functional groups (ex: OH, and NH2 by -COCH3, 
-CH3, -CH2COOH, SO3H, -PO(OH)2, etc) [16, 17]. This improves and creates addi-
tional functional properties and features and facilitates its adaptability to different 
applications such as antimicrobial agency in food processing and its packaging 
industries, as a fungicide, as a blood sugar and pressure reducing agent, as a dietary 
supplement. Other applications are also found in veterinary medicine, microbiol-
ogy, immunology, and agriculture, and most importantly, in highly innovative areas 
such as pharmaceuticals (e.g., drug delivery systems) and tissues/organs regenera-
tion medicine in the biomedical field [18].

The global chitosan market size was valued at USD 6.8 billion in 2019 and is 
expected to expand and reach USD 28.93 billion by 2027. After water treatment, the 
second largest market is the pharmaceutical and biomedical market [19].

In the chitosan manufacturing process, the degree of deacetylation (DDA) and 
the molecular weight (MW) are critical parameters, as the final properties and 
applications of the CS biomaterial will depend on it.
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Many parameters could affect the degree of deacetylation (DDA) and, 
consequently, the physical, chemical, and biological properties of chitosan. 
Parameters include the source raw material (animal, insect, fungi, mollusca, 
cephalopod, etc) [20] and processing conditions (pH, temperature, processing 
time). After manufacturing, batch parameters such as the degree of deacety-
lation (DDA), molecular weight (MW), molecular mass (MM), viscosity, 
solubility, pH, purity, protein content, endotoxin, ash content, contaminants 
should be carefully evaluated to ensure a safe and an adequate utilization.

Chitosan and chitosan derivative biopolymers were found to be non-toxic, 
biocompatible, osteogenic [21, 22] antibacterial, biodegradable, bioresorbable, 
antioxidant, immunoenhancing and anticancer [23]. In addition, they were found 
to promote cell adhesion, proliferation, and differentiation, which are important 
processes in tissue repair. It is, then, no coincidence that chitosan is one of the most 
extensively investigated polymers in tissue engineering to replace or restore the 
structure and function of damaged organs or tissues [24–34].

2.1 Chitosan and hard tissues

In the biomedical field, particularly in the tissue engineering domain, the main 
goal is to replace or substitute, repair maintain or improve tissue function through 
the use of isolated living cells, cells substitute tissue inducers on/or in a matrix to 
repair and regenerate tissue by combining engineering principles and life sciences 
[24, 25]. To reach that goal, there are critical properties that candidates biomaterials 
need to have. They are summarized in Table 2:

These imply that the biomaterial should allow the proliferation, adhesion 
and differentiation of the cells, the basic elements of any living tissue. Chitosan 
biomaterial can be processed in different forms such as film, mesh and fibers, 
freeze dried beads or scaffolds, as composite, as thermal, light, or chemical sensi-
tive injectable gel solution or crosslinked polymer. Alone or grafted with other 
biopolymers (e.g., alginate, polyvinyl alcohol, polyacrylic acid, etc) [27]. Among 
all the possibilities, researchers and physicians have to select the formulations 
that are most compatible with the targeted tissue environment and function. 

Characteristics Description of the characteristic

Biocompatibility They must be accepted by the receptor and must not lead to rejection 
mechanisms because of its presence.

Absorbability and degradability Absorbable, with controllable degradation and resorption rate to be the 
same as the in vitro and in vivo cell/tissue growth

Not to be toxic or carcinogenic Its degradation products cannot cause local or systemic adverse effect 
on a biological system

Chemically stable Chemical modifications not being present in a biological system 
implant or biodegradable in nontoxic products, at least during the 
scheduled time to regenerate tissue

Chemically adequate surface To have a chemically adequate surface for cell access, proliferation and 
cell differentiation

Adequate resistance and 
mechanical properties

Resistance and mechanical properties, superficial characteristics, 
fatigue time, and weight, according to the receptor tissue needs, as well

The proper design, size, and 
shape of the scaffolding

Which allows having a structure with properties according to the needs 
of the receiving tissue to regenerate or repair.

Table 2. 
Main characteristics that biomaterial should have.
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Hard tissues like bone and cartilage require some specific formulations, with 
specific chemical and physical properties to withstand the regeneration of the 
native hard tissues process.

2.1.1 Chitosan in cartilage tissue therapy

Osteoarthritis affects 7% of the global population. That is more than 500 million 
people worldwide. It is considered one of the critical causes of disability over the 
world population (28.) Cartilage, a connective tissue forming the skeleton, is a com-
plex tissue, not vascularized and is made of chondral cells that produce extracellular 
matrix proteins [29]. It is composed of a dense network of collagen fibers embed-
ded in a firm, gelatinous ground substance that has the consistency of plastic. This 
structure gives the tissue tensile strength, enabling it to bear weight while retaining 
greater flexibility than bone [30].

Cartilaginous connective tissues are highly involved into biomechanical func-
tion. They are subject to high load bearing stress. Critical size defects cannot heal 
on their own, so there is a need for tissular therapy to regenerate the cartilage 
tissue [28]. Different therapies are available, such as autograft (the gold standard) 
allograft (cardioviral tissue), mosaicplasty (autograft), autologous chondrocytes 
or tough tissue engineering procedures such as use biopolymer templates that are 
chitosan based.

chitosan has shown good success in regeneration of cartilage lesion, because 
it has structural similarity with various glycosaminoglycans found in articular 
cartilage [31].

A clinical study with 80 patients over a period of 1 and 5 years of a marketed 
thermosensitive hydrogel formulation BST-CarGel® (Smith & Nephew) has been 
reported. BST-CarGel® act as a scaffold and matrix that stabilize the blood clot in 
the cartilage lesion by dispersing a soluble and adhesive polymer scaffold contain-
ing chitosan throughout uncoagulated whole blood [32]. The gel is recommended 
for all synovial joints (knee, hip, and ankle) and on size defects ranging from 
0.3cm2 to 7cm2. The Product has two components: a soluble chitosan powder, and a 
solution of glycerophosphate salt. It is used arthroscopically using a microfracture 
techniques (bone marrow simulation). Patients were divided in two groups; one 
for the baseline where no product was used after the microfracture and the second 
was treated with the product mixed with autologous blood. The red viscous mixture 
was injected in the cartilaginous defect area to set. Following treatment periods, 
regeneration of cartilaginous tissue of 92.37% compared to 85.54% for baseline 
was observed after 12 months (Figure 2) and 93.79% vs. 86.96% respectively after 
5 years. The difference was statically significant [33].

In another study, layered highly porous nano structured 3D scaffold using 
chitosan and chondroitin sulphate was developed. It was loaded in vitro with 
bovine chondrocytes (BCH) and bone marrow derived stroma cells (hMSCs). The 
experiment was conducted for 21 days. It has shown that cells attached, proliferated 
and were metabolically active over the entire scaffold. Cartilaginous extracellular 
matrix (ECM) formation was further assessed, and results showed that glycos-
aminoglycan secretion occurred indicating the maintenance of the chondrogenic 
phenotype and the chondrogenic differentiation of bone marrow derived stromal 
cells. The mechanical properties were poor and not comparable to natural cartilage. 
The authors mentioned the need of improving the mechanical shortfall by adding 
growth factors, nanotubes, or crosslinked template polymers that would reduce the 
degradation rate [35].

With low mechanical performance and lack of clinical data for long periods 
(>5 years), it is difficult to fully assess the efficiency of the products.
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2.1.2 Chitosan in bone tissues therapy

Chitosan formulations were also used in bone tissue regeneration as a delivery 
system for bone morphogenic proteins, peptides, or growth factors for cells. The 
chitosan is tailored in general in the form of a 3D structure (e.g., freeze dried scaf-
fold and injectable gel), which is loaded with biological elements. In Table 3, we 

Tested 
formulation

Form Animal Model Results Ref

Chitosan 
Scaffold

zzfreeze dried 
scaffold

Rat 
calvarialosteoblasts

Increased biomineralization 
and osteogenesis

[36]

Chitosan–
poly(lactide-co- 
glycolide) 
modified with 
heparin

Microsphere 
scaffold

Rabbit ulnar 
critical-sized-
defect model

The in vivo section of study: 
promotion early bone 
formation

[37]

Chitosan- 
polylactic acid

Composite 
scaffold

Preosteoblast 
(MC3T3-E1) cells

Improvement of the interface 
of tissue engineering scaffold

[38]

Chitosan 
Scaffold

Freeze dried 
scaffold

omental adipose-
derived stromal 
cells implanted in 
mandibular

Significantly earlier 
regeneration of bone than the 
use of the scaffold alone

[39]

Chitosan 
nanoparticle

Nano particles Rats model femur 
defect

In-vitro chitosan induces 
osteogenic differentiation 
in MSCs in vitro, increases 
osteoblast viability in vitro, 
reduces osteoclast numbers 
in vitro, assists bone fracture 
healing,

[40]

Chitosan-
Collagen type I

Electrospun / 
casted barrier 
membranes in 
guided bone 
regeneration

Calvaria defect 
in New Zealand 
rabbits

Found to be biocompatible 
osteoconductive, 
osteoinductive, and has 
osteogenesis properties

[41]

Table 3. 
Example of studies that have used chitosan-based formulation to treat bone defect.

Figure 2. 
Biopsy histology of the best repairs of the BST-CarGel and microfracture (MFx) groups at 13 months post 
treatment, the BST-CarGel biopsies show superior tissue quality and organization compared with the MFx 
biopsies [34].
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2.1.2 Chitosan in bone tissues therapy

Chitosan formulations were also used in bone tissue regeneration as a delivery 
system for bone morphogenic proteins, peptides, or growth factors for cells. The 
chitosan is tailored in general in the form of a 3D structure (e.g., freeze dried scaf-
fold and injectable gel), which is loaded with biological elements. In Table 3, we 

Tested 
formulation

Form Animal Model Results Ref

Chitosan 
Scaffold

zzfreeze dried 
scaffold

Rat 
calvarialosteoblasts

Increased biomineralization 
and osteogenesis

[36]

Chitosan–
poly(lactide-co- 
glycolide) 
modified with 
heparin

Microsphere 
scaffold

Rabbit ulnar 
critical-sized-
defect model

The in vivo section of study: 
promotion early bone 
formation

[37]

Chitosan- 
polylactic acid

Composite 
scaffold

Preosteoblast 
(MC3T3-E1) cells

Improvement of the interface 
of tissue engineering scaffold

[38]

Chitosan 
Scaffold

Freeze dried 
scaffold

omental adipose-
derived stromal 
cells implanted in 
mandibular

Significantly earlier 
regeneration of bone than the 
use of the scaffold alone

[39]

Chitosan 
nanoparticle

Nano particles Rats model femur 
defect

In-vitro chitosan induces 
osteogenic differentiation 
in MSCs in vitro, increases 
osteoblast viability in vitro, 
reduces osteoclast numbers 
in vitro, assists bone fracture 
healing,

[40]

Chitosan-
Collagen type I

Electrospun / 
casted barrier 
membranes in 
guided bone 
regeneration

Calvaria defect 
in New Zealand 
rabbits

Found to be biocompatible 
osteoconductive, 
osteoinductive, and has 
osteogenesis properties

[41]

Table 3. 
Example of studies that have used chitosan-based formulation to treat bone defect.

Figure 2. 
Biopsy histology of the best repairs of the BST-CarGel and microfracture (MFx) groups at 13 months post 
treatment, the BST-CarGel biopsies show superior tissue quality and organization compared with the MFx 
biopsies [34].
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have reported some studies that have been performed with chitosan polymer or its 
derivatives to treat bone defects. Despite the good biological properties of chitosan 
formulations developed till now for hard tissues, the poor mechanical properties 
and lack of certain bioactivity proper to bone tissue such as osteoconduction, 
chitosan and derivatives are so far not the best clinical choice to treat bone defects.

Researchers have tried and are still trying to overwhelm the shortfalls. The most 
hopeful ones are those that combine chitosan-based formulations and synthetic 
inorganic biomaterial similar to the calcified phase of natural bone [42].

In the next section, we will review some of interesting options related to bone 
substitutes’ candidates that could be used along with chitosan to achieve a biomim-
icry of natural bone tissue.

3. Bone-like calcium phosphates

Bone and teeth are the hardest human tissues. Bone provides support and 
protection to organs. When skeletal system is damaged, an immediate fix is required 
to avoid any complications, physiological function and mobility impair and 
even death.

An ideal bone substitute should be biomechanically stable, able to resorb as 
natural bone within an appropriate time frame while new bone regenerate, exhibit 
osteoconductive (interconnected porous scaffold onto which bone cells can attach, 
migrate, differentiate, and grow new bone tissue). osteogenic and osteoinduc-
tive properties (ability to stimulate differentiation of a progenitor cells toward an 
osteoblast lineage) and provide a favorable environment for invading blood vessels 
and bone forming cell [43].

When it comes to bone substitution, autogenous bone is typically considered as the 
gold standard for bone defect regeneration since it is living tissue and contains osteo-
genic cells, still involves harvesting bone from one part of the patient’s body and put-
ting it in a damaged bone area. It was and still the method of choice in reconstructing 
bone either for dental or orthopedic applications. It provides perfect biocompatibility 
along with the body’s own growth factors and structural proteins. Because of limited 
supply, the need of a second surgery associated with site morbidity and infection risks, 
negative effect on the mechanics, autograft is not always possible or the best option.

Calcium phosphate (CaP) is the main constituent of inorganic phase of natural 
bone and teeth and it play essential roles in our daily lives. Damaged calcified natu-
ral tissues would be best repaired with something similar. CaP biomaterials are the 
most legitimate candidates when it comes to regenerate bone. They have been exten-
sively used for decade with great success in orthopedic and dental fields [44]. CaP 
bone substitutes materials are safe and efficient. They are biocompatible with bone 
tissues. When implanted they have the particularity to go over the same biological 
osteoclastic resorption and new bone regeneration processes as the natural bone. 
They are highly bio-similar to the inorganic phase of autologous bone tissue. Their 
resorbability and solubility depend in general in their ratio Ca/P (Table 4) empirical 
formulations were proposed to describe the mineral composition of natural bone 
[45]. The chemical formula of Calcium Phosphate materials eq. (1) is shown below: 

 ( ) ( ) ( )1/2
8,31,7 4 4 3 34,3 1.7 0,31.7

Ca PO HPO or CO OH or CO  (1)

Actually, mineral bone composition is more versatile, it has many other minor 
chemical elements such: Mg, Sr., Si, F, Na, and others (Table 4).
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The composition and crystallinity of bone tissues depends on many parameters 
(location: cortical, cancellous, dental enamel, dentine, the age, biological metabo-
lism, etc).

Many studies have reported development of CaP products that would be used as 
potential bone substitutes. In the Table 5, a list of the main most popular products 
used in the development or formulation of CaP biomaterials.

One of the furthermost interesting CaP biomaterials are the osteoconductive 
biphasic calcium phosphate (BCP) containing Hydroxyapatite (HA) and Beta TCP. 
These two phases have different resorption rates. HA (less soluble) will provide 
short- and long-term physical stability to the bone defect and scaffold for bone 
ingrowth, whereas Beta TCP (more resorbable) will provide locally Ca and phos-
phate ions to regenerate new bone and activate the osteogenesis process [46]. To 
enhance the physical, physiological and/or therapeutical properties, CaP biomateri-
als could be easily assorted with polymers, drug, proteins, Growth Factors, cells, 
blood cells, bone marrow and even autologous bone tissue.

CaP biomaterials are relatively easy to make osteoconducteurs by different 
methods, to mimic the trabecular structure of natural bone (Figures 3 and 4).

% Element Enamel Dentine Bone HA

Ca 37,6 40,3 36,6 39

P 18,3 18,6 17,1 18,5

CO2 3,0 4,8 4,8 /

Na 0,7 0,1 1,0 /

K 0,05 0,07 0,07 /

Mg 0,2 1,1 0,6 /

Sr 0,03 0,04 0,05 /

Cl 0,4 0,27 0,1 /

F 0,01 0,07 0,1 /

Ratio Ca/P 1,59 1,67 1,65 1,67

Crystallinity good low low good

Table 4. 
Chemical composition of calcified hard tissues vs. stochiometric synthetic Hfydroxyapatite (HA).

CaP Biomaterial Formula; Abbreviation Ca/P Solubility at 
25C mg/L)

Dicalcium phosphate 
dihydrate

CaHPO4·2H2O; DCPD 1.00 88

Octocalcium phosphate CasH2(PO4)6·5H2O;OCP 1.33 8.1

Hydroxyapatites Ca10(PO4)(OH)2; HA 1.67 9.4

α-Tricalcium phosphate α-Ca3(PO4)2; α-TCP 1.50 2.5

β-Tricalcium phosphate β-Ca3(PO4)2; β-TCP 1.50 0.5

Biphasic Calcium phosphate xβ-Ca3(PO4)2 + yCa10(PO4)6(OH)2; 
BCP

1.50–1.67 0.3–0.5

Tetracalcium phosphate Ca4(PO4)2O; TTCP 2.00 0.7

Table 5. 
Short list of calcium phosphates with biological interest.
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New developed formulations were found to have some outstanding properties 
similar to biological growth factor in autologous bone such bone morphogenic pro-
teins (BMPs). They are osteoinductive. The osteoinduction is trigged either by the 
addition of chemical elements such silicates ions (Actifuse bone graft, by Baxter) or 
by tailored sub-micron surface topography and porosity [47] that has the capability 
to induce bone formation in ectopic or heterotopic location such in muscle or under 
skin. (Figures 5 and 6). The mechanism through which a Ca-P graft mediates an 
osteoinduction in the host bed is still an active subject of research.

This approach has more benefit. It is less expensive and safer than the BMPs 
therapy that has limitations (e.g.: not recommended in bone joints or small bones, 
serious complication, and side effects (cancer, unpredictable ectopic bone growth, 
neurological impairment, fertility problem …) [48].

A study conducted by Van Dijk et al., showed that in spine fusing in ovine 
model, formulation of osteoinductive submicron surface topography of BCP bone 
graft (Magnetos) outperforms Bioglass and monophasic Tricalcium phosphate 
CaP bioceramics (Vitoss) mixed with Bioglass. The induced bone growth was 
found similar when using autologous bone (Figure 5) [48]. Unlike the other 
natural substitutes, there is no risks of incompatibility, allergy, or transmission of 
diseases.

Figure 3. 
Optical microscopic pictures (x8) of natural cancellous bone (left) and synthetic osteoconductive bioceramics 
(BCP 50–50%) (right, porosity >70%, Biomatcan).

Figure 4. 
Histological picture of Osteoconductive bone graft implanted in rabbit tibia bone after 12 weeks. Pores are filled 
with new bone (Osteoconduction). BV: Blood vessels, NB: New bone, I: Implant (x50) (Biomatcan).
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We can confirm that synthetic CaP biomaterials are safe and a reliable alterna-
tive for autograft or allograft. With a history of safety and effectiveness in clinical 
both human and animal health, they are gaining more attention and started to be 
considered the new gold standard in bone regeneration therapy.

4. Biocomposites: Chitosan-CaP bioceramics

Many researchers have worked on development of biocomposites containing CS 
[49–55] and CaP biomaterials. If the biological properties were improved in some 
cases, the mechanical properties still not comparable to natural bone. In this section 
we are going to report some testing and results on the developed biocomposites: 

Figure 5. 
Posterolateral fusion on ovine model: Histomorphometry diagrams of bone performed on low-magnification 
micrographs of histologic sections. Data are presented as area%, in mean and SD. ★, significantly different 
from BG and TCP/BG (P < 0.001). (P < 0.005) and TCP/BG. AB: Autograft bone; BCP < μm, biphasic 
calcium phosphate with submicron topography; BG, bioglass; TCP, tricalcium phosphate. [47].

Figure 6. 
Ct-scan of heterotopic implantation of Osteoinductive BCP (50–50%) in mice model, noticeable increase 
(10.6%) of implant size after 40 days. (Biomatcan).
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An injectable bone graft formulation and hardening injectable bone cements. The 
mechanical properties were evaluated in both of cases.

4.1 Bone graft biocomposites

The bone graft was prepared as follow: A solution of chitosan (1,7%) (DDA 
83% ± 3%, supplied by Biomolecules and Organic Synthesis Laboratory, Ben 
M’Sick University, Casablanca) was prepared in diluted chloric acid solution 
(0.2 N). The chitosan was dissolved under ultrasonic agitation. Disodium 
glycerophosphate solution (0.5 N) was added slowly under agitation at low 
temperature. The pH was maintained between (6.5–7). The chitosan solutions 
were then autoclaved. Porous Biphasic calcium phosphate bioceramics (BCP) 
(50%Beta TCP-50%HA, porosity = 76%, Biomatcan) with average granules size 
of 135 microns was added slowly and gently homogenized. It was found dur-
ing the preliminary tests, that the best formulation that preserve homogeneity 
and injectability have a ratio of BCP comprising between 35% and 50%. Low 
concentration led to aggregation of the granules and high concentration affects 
the injectability and the structural stability of the biocomposites. The obtained 
products were kept at cold temperature till use. The mechanical properties of the 
obtained biocomposites were measured at physiological temperature (37 oC) with 
rheometer (Brookfield DV3T). The obtained results are reported in the table and 
figures bellow (Table 6, Figures 7 and 8).

In this case we notice that the increases of the BCP mass in the chitosan solution 
increase the mechanical properties of mixture. This increase is not linear. The maxi-
mum is obtained for L/S = 40%. Over this limit the biocomposite is less injectable 
and less elastic. 0.4% of BCP represent the maximum load for this formulation with 
optimal mechanical properties.

BCP (%) 0 0.36 0.40 0.44 0.5

Chitosan solution (%) 1.7 1.7 1.7 1.7 1.7

Elastic modulus (Kpa) 1.8 3.8 14.2 5.2 2.8

Time (min) 27 115 40 63 62

Table 6. 
Eleastic moduls of biocomposite bone graft with different BCP.

Figure 7. 
Elastic modulus of biocomposites formulations (KPa, 37°C).
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4.2 Injectable bone substitute material- biocements

The biocements are made by mixing solid (S) and liquid phases (L) they are 
known to harden in certain conditions, the mechanical properties depend on the 
solid and liquid compositions. They are used in bone augmentation situations like 
joint fixation, maxillofacial surgeries, and others. We have tested biocomposites 
made by two different chitosan solutions.

4.2.1 Self-hardening biocomposites

These materials are made out of a grafted chitosan mixed with Alpha PTC 
bioceramics fine powder. The biocomposites has the advantage that when it is mixed 
with the CS solution it forms an injectable paste that turns to rubber-like material. 
It should provide a good initial mechanical stability for the bone defect and the 
implant. The hardening of the biocomposites occurs progressively over time. The 
biocomposites was prepared as follow:

Grafted chitosan solution: a mPEG-grafted-chitosan [49] transparent and homo-
geneous gel was prepared from a liquid chitosan aqueous solution (chitosan 2.0% 
w/v, pH < 6) and Monomethoxypolyethyleneglycol-N-hydroxysuccinimidylsuccinate 
(mPEG-suc- NHS). The obtained polymer solution was mixed with fine powder CaP 
ceramic powder (PTC alpha, Ca/P = 1.50, D50 = 4microns, Biomatcan). The Liquid/
powder ratio (L/S) varies from 0.4, to 0.6. The biocomposites cement pastes were 
injected in a rubber made cylindrical molds (6 mm in diameter x 12 mm height). The 
elastic silicone-like articles were demolded and stored at 37°C in humid atmosphere 
for 24 h to harden. The solid blocs were matured in Simulated Body Fluid (SBF) 
solution at 37°C for 3, and 7 days. Then washed with cold distilled water and dried 
at 40oC for 24 h. The obtained biocomposites articles were mechanically tested 
(Zwick Z010 mechanical testing machine, with a crosshead speed of 1 mm/min). 10 
specimens were tested for each test formulation. The measured compressive strength 
(MPa) for different ratio L/S is reported in Table 7.

4.2.2 Self hardening CaP biocements

The biocements are made with crosslinked CS formulations and without chi-
tosan solution were prepared and compared side by side. Chitosan (83% ± 3 DDA) 

Figure 8. 
Representative example of rheological test obtained at 37°C.
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Figure 7. 
Elastic modulus of biocomposites formulations (KPa, 37°C).
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4.2 Injectable bone substitute material- biocements

The biocements are made by mixing solid (S) and liquid phases (L) they are 
known to harden in certain conditions, the mechanical properties depend on the 
solid and liquid compositions. They are used in bone augmentation situations like 
joint fixation, maxillofacial surgeries, and others. We have tested biocomposites 
made by two different chitosan solutions.

4.2.1 Self-hardening biocomposites

These materials are made out of a grafted chitosan mixed with Alpha PTC 
bioceramics fine powder. The biocomposites has the advantage that when it is mixed 
with the CS solution it forms an injectable paste that turns to rubber-like material. 
It should provide a good initial mechanical stability for the bone defect and the 
implant. The hardening of the biocomposites occurs progressively over time. The 
biocomposites was prepared as follow:

Grafted chitosan solution: a mPEG-grafted-chitosan [49] transparent and homo-
geneous gel was prepared from a liquid chitosan aqueous solution (chitosan 2.0% 
w/v, pH < 6) and Monomethoxypolyethyleneglycol-N-hydroxysuccinimidylsuccinate 
(mPEG-suc- NHS). The obtained polymer solution was mixed with fine powder CaP 
ceramic powder (PTC alpha, Ca/P = 1.50, D50 = 4microns, Biomatcan). The Liquid/
powder ratio (L/S) varies from 0.4, to 0.6. The biocomposites cement pastes were 
injected in a rubber made cylindrical molds (6 mm in diameter x 12 mm height). The 
elastic silicone-like articles were demolded and stored at 37°C in humid atmosphere 
for 24 h to harden. The solid blocs were matured in Simulated Body Fluid (SBF) 
solution at 37°C for 3, and 7 days. Then washed with cold distilled water and dried 
at 40oC for 24 h. The obtained biocomposites articles were mechanically tested 
(Zwick Z010 mechanical testing machine, with a crosshead speed of 1 mm/min). 10 
specimens were tested for each test formulation. The measured compressive strength 
(MPa) for different ratio L/S is reported in Table 7.

4.2.2 Self hardening CaP biocements

The biocements are made with crosslinked CS formulations and without chi-
tosan solution were prepared and compared side by side. Chitosan (83% ± 3 DDA) 

Figure 8. 
Representative example of rheological test obtained at 37°C.
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was dissolved in 1%HCl). The pH was maintained 6.7 to 7 with Sodium glycero-
phosphate (Sigma Aldrich). The solid phases were selected from different sources 
of CaP material. The tricalcium alpha (alpha)TCP and Hydroxyapatite (HA) 
supplied by Biomatcan, tetra calcium phosphate (TTCP, Cambioceramics, NL), 
Brushite (DCPD) and monocalcium phosphate (MCPM) from Sigma-Aldrich.

The biocomposites were prepared by mixing powder and solutions with prede-
termined ratio L/S. The paste was handled as mentioned before. When the cements 
harden, the cylindrical blocs were put in phosphate buffer saline solution at 37°C, 
pH 7.4 for 24 hours, then washed with cold water and dried at 40°C for 24 hours. 
The formulations and obtained results are summarized in Table 8.

The results of the mechanical tests on both formulations show that the addition 
of mPEG- grafted-chitosan solution or crosslinked chitosan solution decreases 
dramatically the mechanical properties of self-herding biocements. It could be 
explained by the effect of chitosan on the CaP crystal growth during maturation of 
the biocements, or by the heterogenous structure of the biocements, where chitosan 
polymer creates some discontinuity in the physical structure. Moreover, the shrink-
age of the chitosan network during the drying process could induce a distortion of 
the article volume thus reducing its mechanical properties. In-vivo testing would be 
the best approach to assess the mechanical properties of such formulations.

5. Conclusion

In conclusion we have presented some works done related to the development 
of chitosan, CaP biomaterials that mimic the composition of natural bone. Despite 
the proven biological benefits and the huge number of research, publications and 
patents done on the use of chitosan in medical field and especially in hard tissues 
replacement, there is a big discrepancy between research, commercial and market 
reality. Less than handful products are marketed mainly for cartilage repair.

Formulations Ca/P L/S 
(ml/g)

Compressive 
strength (Mpa)

Compressive strength 
(Mpa) (1% chitosan 

solution)

Variation 
(%)

αTCP-DCPA 1.33 0.5 17.3 + 3.1 7.9 + 2.2 54%

αTCP-MCPM 1.37 0.72 12.8 + 3.9 11.8 + 1.6 7%

αTCP-HA 1.52 0.5 29.0 + 4.9 11.3 + 4.8 61%

αTCP-HA-
MCPM

1.55 0.46 12.7 + 3.9 11.2 + 1.5 11%

TTCP-MCPM 1.66 0.55 8.3 + 1.0 2.9 + 0.4 65%

TTCP-DCPA-
MCPM

1.50 0.60 6.8 + 2.5 2.2+ 0.5 67%

Table 8. 
Compressive strength comparison of biocement formulations prepared with water vs. 1 of chitosan solution.

Ref 0.4 ml/g 0.5 ml/g 0.6 ml/g

3 days 23.22 + 3.58 8.51 + 1.76 7.73 + 1.95 5.51 + 1.30

7 days 29.68 + 4.23 9.82 + 0.26 5.69 + 0.94 4.04 + 1.66

Table 7. 
Compressive strength (MPa) obtained for different bone cement with modified chitosan solution after 3 and 
7 days of maturation (Ref = PTC alpha with water only, L/S = 0.5).
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Chapter 5

Wound Dressing Application of 
Ch/CD Nanocomposite Film
Ranju Kandra and Sunil Bajpai

Abstract

In this work, carbon dots (CDs), obtained through microwave assisted synthesis 
from butane tetra carboxylic acid (BTCA), was introduced into chitosan film via 
simple solvent casting approach. The CDs had an average diameter of 40 to 60 nm 
as determined by Transmission Electron Microscopy (TEM) analysis. They pos-
sessed a zeta potential of −20.2 mV. The X-ray photon spectroscopy (XPS) con-
firmed presence of carboxylate groups on the surface of carbon dots. The XRD of 
both the plain sample Ch/CD (0) and carbon dots loaded sample Ch/CD(2) showed 
two crystalline sharp peaks at 14.6 and 18.1 degree, along with presence of amor-
phous region also. The moisture absorption data was well fitted on GAB isotherm 
and the profiles obtained were sigmoidal. The water vapor permeation rates for the 
sample Ch/CD(0) and Ch/CD(2) were found to be 1758 and 956 g/m2 /day respec-
tively. The film samples Ch/CD(0) and Ch/CD(20 expanded 2.8 and 103 times 
when immersed in 4% gelatin solution for 4 h. The % hemolysis for the samples Ch/
CD(0) and Ch/CD(2) was 2.12 and 1.11 respectively, thus indicating biocompatible 
nature of the films. In the ex-vivo mucoadhesion study, the maximum detachment 
force (Fmax) was 88.22 and 46.28 mN for the samples Ch/CD(0) and Ch/CD(2) 
respectively. Finally, both of the samples, namely Ch/CD (0) and Ch/CD(2) scored 
“0”, suggesting their non-cell cytotoxic nature.

Keywords: chitosan film, carbon dots, biocompatible, percent hemolysis

1. Introduction

In recent past, carbon dots have gained considerable importance as a versatile 
material formultiple applications [1, 2]. Usually they possess a sp2 conjugated core 
with various oxygencontaining functionalities such as carboxyl, hydroxyl, aldehyde 
groups etc. [3, 4]., ease of functionalization, and production of fluorescence on UV 
exposure,carbon dots (CDs) find a number of biomedical applications like bio-
imaging [5–7], targeteddrug delivery [8, 9], wound dressings [10], cancer theranos-
tics [11], screening the purinemetabolic disorders in human fluid etc. [12]. Carbon 
dots (luminescent) nanoparticles can be usedto track biological processes inside 
cells. A thorough literature survey reveals that there has not been even a single 
study which discussesthe changes in physico-chemical properties of chitosan film 
due to impregnation of carbon dotsinto film matrix. With this objective, we have 
previously reported synthesis and characterizationof carbon dots from butane tetra 
carboxylic acid (BTCA) and preliminary investigation of waterabsorption behavior 
of chitosan/carbon dots nanocomposite film [13]. In continuation, we hereby report 
a detailed investigation of physico-chemical properties and biocompatibility of 
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Ch/CD nanocomposite films, taking plain chitosanfilm as control. As chitosan is a 
biopolymer with a number of biomedical applications, it may beinteresting to see 
alteration in its properties upon addition of carbon dots [14].

2. Materials and methods

2.1 Preparation of CDs from BTCA

The CDs were synthesized Via microwave method .

2.1.1 Preparation of CD/Chitosan composite film

For fabrication of the chitosan/CDs nanocomposite, 3 wt% homogenous solu-
tion was prepared by dissolving chitosan in 0.3 M acid acetic. The sterile square 
chitosan patterns were produced using a standard square mold with the size  
of 30 × 40 mm. Various proportions of CDs, including The films were designated 
as CD/Ch(0), CD/Ch (1), CD/Ch (2) and CD/Ch (3) and Ch/CD(4) were gently 
added to the chitosan solution to prepare the desirable antibacterial mixture. 
Respectively, where the number in Parent hesis denotes the volume of CDs  
solution present in 20 ml of the film forming chitosan solution. Subse- quently, 
the mixture was injected into the square mold for the formation of composite 
films. Then, the molds were lyophi- lized in a freeze dryer to complete the  
molding process.

2.1.2 Characterization of CDs and CD/Ch composite films

The size of the carbon dots was analyzed by Transmission Electron Microscopy 
(TEM).The TEM samples were made by placing a drop of nanoparticle ethanol 
suspension on acarbon-coated copper grid. The X-ray photoelectron spectra (XPS) 
were performed on aVGESCALAB 220-IXL spectrometer using an Al Kα X-ray 
source (1486.6 eV). The crystallinenature of the plain and CD loaded chitosan 
film was investigated by X-ray diffraction analysisusing a Rikagu Diffractometer 
(Cu radiation = 0.1546 nm) operating at 40 kV and 40 mA. The X-ray Photon 
Spectroscopy (XPS) was also carried out.

2.1.3 Protein adsorption study

In order to study the adsorption of therapeutic protein Bovine serum 
albumin(BSA) on the filmsurface, the test films, namely Ch/CD(0) and Ch/CD(4), 
were cut into 1 x 1 cm2 pieces andimmersed in BSA solution, prepared in phosphate 
buffer saline(PBS) at a concentration of 5 mg/ml, for a period of 24 h at 37 °C.

2.1.4 Antioxidant properties of hydrogel wound dressings

In order to evaluate the anti-oxidant property of the carbon dots loaded wound 
dressing film, sample Ch/CD(2) was taken as a representative. We followed two 
methods to evaluate antioxidant property of the CDs-loaded chitosan film, namely, 
2,2-diphenyl-1- picrylhydrazyl(DPPH) radical scavenging assay, and superoxide 
radical (O2. •−) scavenging activity assay. Inthe first method, definite quantity of 
powdered sample Ch/CD(2) was added in to methanolicsolution of DPPH radi-
cal (100 μM) and allowed to be kept in dark for a period of 18 h [15]. The DDPH 
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solution, without containing film sample, was taken as control to calculate the 
percentage scavenging activity [16].

 ( ) A A
A
−

= ×0 1

0

DPPH radical scavenging activity % 100  

Where, A0 is the absorbance of the control and A1 is the absorbance of test 
 solution respectively.

The Fenton reagent was employed to test the hydroxyl radicals scavenging 
capacity of plain chitosan film Ch/CD(0) and CDs-loaded sample Ch/CD(2), as 
described elsewhere [17]. In a typical experiment, pre-weighed quantity of grinded 
film was added in to a solution which contained 50 mL of 1.0 mM FeCl2, 100 ml  
of 1 mM 1,10-phenanthroline, 3.6 ml of 0.2 M phosphate buffer (pH 7.8), 175 mL of  
0.18 M H2O2. The reaction was initiated by addition of pre-calculated quantity of 
hydrogen peroxide. The reaction mixture was incubated at room temperature for a 
period of 15 min under mild stirring so as to keep the grinded film powder con-
stantly exposed to free radicals generated. Finally, the absorbance was recorded at 
560 nm. The film free solution was taken as control.

The activity of plain Ch/CD(0) and CDs-loaded sample Ch/CD(2) to scavenge 
superoxide free radicals was investigated in riboflavin/methionine-light system 
[18]. Results were expressed as percent inhibition of superoxide radicals. All the 
experiments were carried out in triplicate and average data were given.

3. Results and discussion

3.1 Preparation of CDs

The microwave assisted synthesis of carbon dots is an effective method to pre-
pare CDs. When a solution of BTCA in aqueous medium, is allowed to get exposure 
of microwaves for a definite time, there occurs uniform heating and finally the 
volume of the solution is almost reduced to one tenth of the original volume. Now, 
the residue is taken out and is diluted by the addition of distilled water. The CDs 
solution, so obtained is centrifuged under high resolution speed of 10000 rpm 
and the supernatant is collected. The passage of laser beam through the solution 
is preliminary indication of the formation of carbon dots. The overall synthetic 
procedure and passage of laser beam through the solution are shown in  
Figure 1(a) and (b) respectively.

3.2 Size determination of carbon dots

As per conventional definition, carbon nanoparticles with a diameter of less 
than 10 nm are called carbon dots [19, 20]. Such small carbon dots are required for 
for cell imaging and other related biomedical applications [21]. However, in the 
present work, CDs with relatively larger size were required so that they could be 
used as efficient crosslinker to control the permeation properties of the chitosan 
film. The results of TEM analysis are shown in Figure 2.

It can be seen that the particles are almost spherical and bear size in the range 
of 40 to 60 nm. The relatively bigger size range could be attributable to the fact 
that we did not use any stabilizer in the preparation of CDs and hence chances 
of formation of bigger carbon nanoparticles could not be ruled out. There are 
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pare CDs. When a solution of BTCA in aqueous medium, is allowed to get exposure 
of microwaves for a definite time, there occurs uniform heating and finally the 
volume of the solution is almost reduced to one tenth of the original volume. Now, 
the residue is taken out and is diluted by the addition of distilled water. The CDs 
solution, so obtained is centrifuged under high resolution speed of 10000 rpm 
and the supernatant is collected. The passage of laser beam through the solution 
is preliminary indication of the formation of carbon dots. The overall synthetic 
procedure and passage of laser beam through the solution are shown in  
Figure 1(a) and (b) respectively.

3.2 Size determination of carbon dots

As per conventional definition, carbon nanoparticles with a diameter of less 
than 10 nm are called carbon dots [19, 20]. Such small carbon dots are required for 
for cell imaging and other related biomedical applications [21]. However, in the 
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that we did not use any stabilizer in the preparation of CDs and hence chances 
of formation of bigger carbon nanoparticles could not be ruled out. There are 
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several reports which describe formation of bigger carbon nanoparticles. For 
example, Smagulova et al. [22] have synthesized carbon dots from birch soot via 
hydrothermal approach and reported their size in the range of 10 to 60 nm with 
a maximum percent of particles with diameter of around 25 nm. Similarly, Hou 
et al. [23] synthesized carbon dots from human hair for detection of Hg (II) ions 
and reported their diameter in the range of 29 to 80 nm. Similarly, Runa et al. [24] 
reported synthesis of carbon dots from spider silk via hydrothermal approach and 
reported an average diameter of 178 nm. Therefore, it appears that it is possible 

Figure 1. 
(a) Scheme showing formation of carbon dots, (b) passage of laser beam through the pale yellow 
solution of CDs.
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to prepare carbon dots of different sizes, depending upon their applicability. For 
example, CDs mentioned in the aforesaid examples cannot be used for bio imaging 
and intracellular sensing.

We also measured zeta potential of as –prepared carbon dots which was found to 
be −20.2 mV, thus indicating the negatively charged surface of carbon dots. This is 
simply attributable to the presence of carboxylate groups on the surface of carbon 
dots, thus rendering them negatively charges surface.

3.3 XPS analysis of carbon dots

A survey scan, ranging from 0 to 1200 eV is shown in Figure 3(a). It is evident 
that two elements, namely C (286 eV) and O (543 eV) are present in the spectrum 
[25]. The detailed XPS spectra of C 1S and O 1S are shown in Figure 3(b) and (c) 
respectively.

The C 1S signal peak can be divided in to three peaks, located at 283.8, 284.83and 
287.4 eV. These peaks correspond to C-C, C=C and C=O respectively [26]. Finally, 
in the XPS spectrum of O1S, the peak at 532.25 eV refers to oxygen singly bound to 
aliphatic carbon while the smaller or low intensity peak at 535.53 eV refers to COO− 
thus confirming the presence of carboxylate groups on the surface of carbon dots.

3.4 Preparation of Ch/CD films

In this work, we prepared Ch/CD films by solvent evaporation method. When 
the film forming solution is placed in an oven (see experimental section), the 
solvent is evaporated and semi-transparent film with dark brown appearance is 
obtained. The crosslinking of chitosan chains by carbon dots may be described as 
follows: In the film forming solution, chitosan exists in dissolved state with proton-
ated –NH3 + groups along the macromolecular chains. The final pH of the solution 
was found to be 6.2. At this pH, -COOH groups present on the surface of the carbon 
dots, ionize to give negatively charged –COO− groups, thus rendering negative 
charges on the surface of CDs. These negative charges bind electrostatically to the 
protonated amino groups of chitosan chains and a crosslinked network is formed. 

Figure 2. 
TEM image of CDs with 100 nm bar length.
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The plain Ch film appeared to be semi-transparent with pale yellow appearance 
while the Ch/CD film was dark brownish. An optical photograph of the plain Ch/
CD(0) and the Ch/CD(2) films and mode of crosslinking is shown in Figure 4(a).

It is well known that carbon dots emit fluorescence on exposure to UV radiations 
of suitable Wavelength [27]. This makes them a potential candidate for imaging 
and other related applications [28]. The optical image of the sample Ch/CD(2), 
exposed to UV radiations, is shown in Figure 4(b). It can be noticed that the film 
appears green, due to the fluorescence exhibited by carbon dots present within the 
film matrix.

3.5 XRD analysis of films

The crystalline nature of the plain and CDs loaded films was investigated by XRD 
analysis. The XRD patterns of plain film Ch/CD(0) and carbon dots loaded film Ch/
CD(2) are shown in Figure 5(a) and (b) respectively. It can be seen that both of the 
samples, namely plain sample Ch/CD(0) and CDs-loaded sample Ch/CD(2) exhibit 
two peaks at 2θ values of 14.6 and 18.1, indicating presence of crystalline region within 

Figure 3. 
(a) A survey scan, ranging from 0 to 1200 eV; XPS spectra of (b) C 1S and (c) O 1S.
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the film matrix. These values are very close to those reported elsewhere [29, 30]. In 
addition, a scattered broad pattern is also visible, suggesting amorphous region too.

The XRD pattern of the nano-composite film Ch/CD(2), as shown in Figure 5(b),  
also shows similar pattern with the two peaks, occupying almost the same posi-
tions. However, the difference lies in the fact that in the case of CD/Ch(2) film 
the intensities of the two peakes have decreased remarkably, probably due to 
presence of amorphous carbon dots within the film matrix. It is also noticable 
that the amorphous scattered bump is much more pronounced in the XRD pattern 
of composite film.In this way, it may be concluded that presence of carbon dots 
within the chitosan film has resulted in increase in the amorphous nature of the 
composite film.

3.6 Film expansion study

The use of a polymeric film for wound dressing requires fair structural integrity 
in the presence of exudate coming out from wound. The reason is that when a film is 
placed over the wound, it comes in contact with the exudate and begins to undergo 
expansion in its size. If the film expands appreciably, then it may lose its integrity, 
become soft and sticky, and ultimately may cause inconvenience to the patient. It 

Figure 4. 
(a) Optical photographs of the samples Ch/CD(0) and Ch/CreD(2) and mode of crosslinking by carbon dots; 
(b) optical image of the sample Ch/CD(2) when exposed to UV radiations.
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may also be torn and leave the wound surface. Hence, it becomes essential to test its 
expansion limit and structural integrity. The results of expansion study are shown 
in Figure 6.

It is noticeable that the plain Ch/CD(0) film undergoes 2.8. Fold expansion in its 
diameter in duration of 60 min, while in the same time frame, the Ch/CD(2) film 
expands to only 1.3 times and it maintains its structural integrity throughout. It is 
also worth mentioning here that the plain film sample Ch/CD(0) gets hydrated, 
slippery and becomes difficult to handle properly Thus it may be concluded from 
this study that addition of pre-calculated quantity of carbon dots in to chitosan film 
can render it enough mechanical strength and control its water absorption capacity 
as per requirement.

3.7 Biocompatibility tests

Blood compatible nature of the films Ch/CD (0) and Ch/CD(2) was evalu-
ated in the terms of % hemolysis. The % hemolysis of these films was found to be 
(2.12 ± 0.02) and (1.13 ± 0.18) respectively.

3.8 Protein adsorbed study

The adsorption of protein on a wound dressing film indicates its cell adhesion 
behavior. Albumin, a multifunctional transporter protein, is the most abundant 
protein found in the plasma (approx. 50 mg.ml−1) [31]. Its adsorption is related to 
the inhibition of the coagulation cascade and consequently, platelet adsorption.  
As per reports [32], albumin has high adsorption affinity for hydrophobic surfaces, 

Figure 5. 
X-ray diffraction of film samples (a) Ch/CD(0) and (b) Ch/CD(2) .
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mainly because of hydrophobic interactions between the protein and the surface. 
Indeed, a wound dressing film with a poor tendency to adsorb albumin is desirable. 
The results of BSA adsorption study are shown in Figure 7.

It can be seen that plain sample Ch/CD(0), and CDs-loaded samples Ch/CD(1), 
Ch/CD(2), Ch/CD(3) and Ch/CD(4) show BSA adsorption of 24.2, 21.5, 18.3, 15.9 
and 14.1 mg/m2 respectively. The extremely low values of BSA adsorption may be 
indicative of the hydrophilic nature of the film surfaces for all the samples studied. 
It has been reported [33] (Figure 8).

3.9 Antioxidant properties of hydrogel wound dressings

In this work, % scavenging capacity of the plain film sample Ch/CD(0) and 
carbon dots loaded samples Ch/CD(1), Ch/CD(2), Ch/CD(3) and Ch/CD(4) for the 
various free radicals i. e. DPPHR, SOR and HR are shown in Figure 9. It can be seen 

Figure 6. 
d/do (versus time profiles for the samples) Ch/CD (0) and Ch/CD(2) at 37o C.

Figure 7. 
BSA adsorption on the various samples Ch/CD (0), Ch/CD (1), Ch/CD (2), Ch/CD (3) and Ch/CD (4) 
at 37o C.
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that plain chitosan film sample shows fair % Scavenging capacity and it increases 
slightly due to addition of carbon dots in the film matrix.

Owing to the fair stability, DPPH radical is usually employed to determine 
the antioxidant or free radical scavenging activity of the wound dressing films. 
The method involves reduction of methanolic DPPH radical by hydrogen donat-
ing antioxidant polymeric film. Topical wound healing formulations with DPPH 
scavenging ability have been reported to improve skin repair and regeneration [34]. 
The observed increase may probably be due to the contribution of –COOH groups 

Figure 9. 
Images showing completely undamaged L929 cells after 24 h contact with extract of film samples (a) Ch/CD 
(0) and (b) Ch/CD(2).

Figure 8. 
Percent scavenging for DDPH, superoxide and hydroxyl free radicals by various film samples.
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present on the surface of carbon dots towards reduction of DPPH radicals. It is here 
also worth mentioning that chitosan has already been reported to have free radicals 
scavenging activity [35]. Therefore it appears that addition of functionalized carbon 
dots into chitosan film matrix improves its antioxidant property.

Hydroxyl, an oxygen centered radical, attacks proteins, DNA, polyunsaturated 
fatty acid in membranes, and most biological molecules with which it comes in 
contact [36]. It abstracts hydrogen atoms from membrane lipids [37] and brings 
about peroxidic reaction of lipids. As per reports [38], the scavenging action of 
chitosan against hydroxyl radicals may probably be due to following reactions (i) 
The hydroxyl groups, present within the chitosan macromolecular chains, may 
react with. OH via hydrogen abstraction, and (ii). OH can react with the residual 
free amino groups NH2 to form stable macromolecule radicals. Finally, when 
superoxide anions come in to contact with a biomolecule, they damage it directly 
or indirectly by forming H2O2, ˉOH, peroxy nitrite or singlet oxygen during aging 
and pathological events such as ischemic reperfusion injury. It is also reported that 
Super oxide radicals initiate lipid peroxidation [39]. Therefore, scavenging of super-
oxide radicals by chitosan based wound dressing might be helpful for preventing 
delayed wound healing induced by superoxide radicals in pathological conditions. 
The scavenging of SOR will also diminish formation of hydroxyl radicals, which is 
considered main factor for delayed healing of chronic wounds.

3.10 Ex-vivo mucoadhesion studies of films

The adhesion of a wound dressing film on the wounded skin is a significant 
parameter and requires a perfect balance between the adhesion capacity of the dress-
ing film and comfort level of patient. In case, the film has a very strong adhesion ten-
dency, it may cause discomfort and pain during removal of the dressing. However, its 
poor adhering property may also be uncomfortable from the point of view of wound 
healing. In this work, maximum detachment force (Fmax) required to detach the film 
from mucosal surface, was determined for all the film samples namely, Ch/CD(0), 
Ch/CD(1), Ch/CD(2), Ch/CD(3) and Ch/CD(4). The values of Fmax were found to 
be 88.22 ± 11.52, 45.15 ± 8.61, 43.29 ± 7, 44.25 ± 6.97, and 46.22 ± 5.94mN.

In a report, Fmax value for gum acacia-cl-(poly(HEMA-co-carbopol hydrogel 
film was found to be 70.20 ± 17.57 m N. The higher value was attributed to the 
fair hydrophilic nature of the film [39]. In the present work, Fmax values for vari-
ous CDs-loaded chitosan films were relatively low, probably due to the presence 
of functionalized carbon dots within the film matrix. The poor water absorption 
tendency of these films did not induce polymeric chain relaxation and hence there 
were no new active sites available for exposure to mucus surface. In addition, the 
physical crosslinks between carboxylate groups present on the carbon dots surface 
(as discussed earlier) and protonated amino groups on chitosan chains also made 
the chitosan chains rigid and prevented them from relaxation.

A plausible explanation for mucoadhesion behavior of plain chitosan film Ch/
CD(0) and CDs-loaded sample Ch/CD(2) may be given on the basis of the most 
commonly proposed Diffusion-Interpenetration Theory [40, 41]. In the case of 
pure chitosan film sample Ch/CD(0), an appreciable water content within the film 
matrix causes polymeric chains to relax or un-fold,thus resulting in exposure of new 
active sites. These polar segments come in contact with mucuschains and get entan-
gled with them. This results in stronger bio-adhesion as shown in Figure 10(a).

However, in the case of CDs-loaded sample Ch/CD(2), the film absorbs very 
small quantity of water due to physical crosslinks and therefore polymeric chains 
remain folded or non-relaxed. This minimizes the interaction with mucus chains as 
shown in Figure 10(b). As a result, value of Fmax is quite low.
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3.11 Cell cytotoxicity studies

The results of cell cytotoxicity for the plain sample Ch/CD (0) and the CDs 
loaded sample Ch/CD (2) are shown in Figure 9(a) and (b) respectively.

As per ISO 10993-5, the achievement of numerical grade more than 2 is consid-
ered as toxic. The score was obtained as 0 for both of the samples, thus indicating 
non-cell cytotoxic nature of both of the film samples. It can be seen that there are 
discrete intra cyto plasmatic granules, no cell lysis and there is no reduction of 
cell growth.

4. Conclusions

It may be concluded from the above study that BTCA, a tetra carboxylic acid 
compound, can conveniently be used as precursor to synthesize negatively charged 
carbon dots. These carbon dots, when loaded into plain chitosan film, cause a 
drastic fall in the water absorption capacity of the resulting nanocomposite films. 
A detailed investigation of these CDs-loaded chitosan film is under progress and a 
detailed report shall be documented soon.

Figure 10. 
Bio adhesion in the film samples Ch/CD(0) and Ch/CD(2).

© 2021 The Author(s). Licensee IntechOpen. 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. 

109

Wound Dressing Application of Ch/CD Nanocomposite Film
DOI: http://dx.doi.org/10.5772/intechopen.95107

[1] Diao H, Li T, Zhang R, Kang Y, 
Liu W, Cui Y, Wei S, Wang N, Li L, 
Wang H, Niu W, Sun T, (2018) Jul 5 
Facile and green synthesis of fluorescent 
carbon dots with tunable emission for 
sensors and cells imaging 200:226-
234, Spectrochim Acta A Mol Biomol 
Spectrosc.

[2] Shi H, Wei J, Qiang L, Chen X, 
Meng X, (2014) Fluorescent carbon 
dots for biolmaging and biosensing 
applications, 2677-99. J Biomed 
Nanotechnol

[3] Li Y, Ren J, Sun R, Wang X, (2018) 
Fluorescent Lignin Carbon Dots for 
Reversible Responses to High-Valence 
Metal Ions and Its Bioapplications. J 
Biomed Nanotechnol. 14(9), 1543-1555

[4] Lin H, Ding L, Zhang B, Huang J. ,R 
Soc(2018) Detection of nitrite based 
on fluorescent carbon dots by the 
hydrothermal method with folic acid. 
Open Sci, 172149

[5] Sharma V, Kaur N, Tiwari P,  
Mobin SM, J Full color emitting 
fluorescent carbon material as reversible 
pH sensor with multicolor live cell 
imaging (2018) PhotochemPhotobiol B. 
(182)137-

[6] Kumar SU, Bhushan B, 
Gopinath P, Bioactive carbon dots lights 
up microtubules and destabilises cell 
cytoskeletal framework (2017)A robust 
imaging agent with therapeutic activity., 
Colloids Surf B Biointerfaces159 
,662-672 https://doi.org/10.1016/j.
colsurfb.2017.07.054

[7] Park SY, Lee CY, An HR, Kim H, 
Lee YC, Park EC, Chun HS, Yang HY, 
Choi SH, Kim HS, Kang KS, Park HG, 
Kim JP, Choi Y, Lee J, Lee HU, (2017) 
Advanced carbon dots via plasma-
induced surface functionalization 
for fluorescent and bio-medical 
applications Nanoscale 9(26) 9210-9217

[8] Sarkar C, Chowdhuri AR,  
Kumar A, Laha D, Garai S, 
Chakraborty J, Sahu SK, (2018) One 
pot synthesis of carbon dots 
decorated carboxymethyl cellulose- 
hydroxyapatite nanocomposite for 
drug delivery, tissue engineering and 
Fe3+ ion sensingCarbohydrPolym. 
181, 710-718

[9] Jha S, Mathur P, Ramteke S, Jain NK, 
( 2017) Pharmaceutical potential 
of quantum dots Artif Cells 
NanomedBiotechnol 1-9

[10] Harroun SG, Lai JY, Huang CC, 
Tsai SK, Lin HJ,(2017) Reborn  
from the Ashes: Turning Organic 
Molecules to Antimicrobial Carbon 
Quantum DotsACS Infect Dis 
3(11):777-779

[11] Yao C, Tu Y, Ding L, Li C, 
Wang J, Fang H, Huang Y, Zhang K, 
Lu Q, Wu M, Wang Y., (2017)Tumor 
Cell-Specific Nuclear Targeting of 
Functionalized Graphene Quantum 
Dots In Vivo., Bioconjug Chem. Oct 
18;28(10):2608-2619

[12] Cui L, Li CC, Tang B, Zhang CY, 
(2018) Advances in the integration 
of quantum dots with various 
nanomaterials for biomedical and 
environmental applications, Analyst. 
29;143(11):2469-2478.

[13] Bajpai SK, Kandra R, (2019) 
“Synthesis, characterization of carbon 
dots from BTCA and their application 
as an effective crosslinker to control 
the swelling of chitosan films Nano 
Materials (Accepted)

[14] S. K. Bajpai, Pradeep Daheriya, 
Sonam Ahuja & K. Gupta, Water 
absorption and antimicrobial behavior 
of physically cross linked poly (vinyl 
alcohol)/ carrageenan films loaded with 
minocycline, Designed Monomers and 
Polymers, 2016

References



109

Wound Dressing Application of Ch/CD Nanocomposite Film
DOI: http://dx.doi.org/10.5772/intechopen.95107

[1] Diao H, Li T, Zhang R, Kang Y, 
Liu W, Cui Y, Wei S, Wang N, Li L, 
Wang H, Niu W, Sun T, (2018) Jul 5 
Facile and green synthesis of fluorescent 
carbon dots with tunable emission for 
sensors and cells imaging 200:226-
234, Spectrochim Acta A Mol Biomol 
Spectrosc.

[2] Shi H, Wei J, Qiang L, Chen X, 
Meng X, (2014) Fluorescent carbon 
dots for biolmaging and biosensing 
applications, 2677-99. J Biomed 
Nanotechnol

[3] Li Y, Ren J, Sun R, Wang X, (2018) 
Fluorescent Lignin Carbon Dots for 
Reversible Responses to High-Valence 
Metal Ions and Its Bioapplications. J 
Biomed Nanotechnol. 14(9), 1543-1555

[4] Lin H, Ding L, Zhang B, Huang J. ,R 
Soc(2018) Detection of nitrite based 
on fluorescent carbon dots by the 
hydrothermal method with folic acid. 
Open Sci, 172149

[5] Sharma V, Kaur N, Tiwari P,  
Mobin SM, J Full color emitting 
fluorescent carbon material as reversible 
pH sensor with multicolor live cell 
imaging (2018) PhotochemPhotobiol B. 
(182)137-

[6] Kumar SU, Bhushan B, 
Gopinath P, Bioactive carbon dots lights 
up microtubules and destabilises cell 
cytoskeletal framework (2017)A robust 
imaging agent with therapeutic activity., 
Colloids Surf B Biointerfaces159 
,662-672 https://doi.org/10.1016/j.
colsurfb.2017.07.054

[7] Park SY, Lee CY, An HR, Kim H, 
Lee YC, Park EC, Chun HS, Yang HY, 
Choi SH, Kim HS, Kang KS, Park HG, 
Kim JP, Choi Y, Lee J, Lee HU, (2017) 
Advanced carbon dots via plasma-
induced surface functionalization 
for fluorescent and bio-medical 
applications Nanoscale 9(26) 9210-9217

[8] Sarkar C, Chowdhuri AR,  
Kumar A, Laha D, Garai S, 
Chakraborty J, Sahu SK, (2018) One 
pot synthesis of carbon dots 
decorated carboxymethyl cellulose- 
hydroxyapatite nanocomposite for 
drug delivery, tissue engineering and 
Fe3+ ion sensingCarbohydrPolym. 
181, 710-718

[9] Jha S, Mathur P, Ramteke S, Jain NK, 
( 2017) Pharmaceutical potential 
of quantum dots Artif Cells 
NanomedBiotechnol 1-9

[10] Harroun SG, Lai JY, Huang CC, 
Tsai SK, Lin HJ,(2017) Reborn  
from the Ashes: Turning Organic 
Molecules to Antimicrobial Carbon 
Quantum DotsACS Infect Dis 
3(11):777-779

[11] Yao C, Tu Y, Ding L, Li C, 
Wang J, Fang H, Huang Y, Zhang K, 
Lu Q, Wu M, Wang Y., (2017)Tumor 
Cell-Specific Nuclear Targeting of 
Functionalized Graphene Quantum 
Dots In Vivo., Bioconjug Chem. Oct 
18;28(10):2608-2619

[12] Cui L, Li CC, Tang B, Zhang CY, 
(2018) Advances in the integration 
of quantum dots with various 
nanomaterials for biomedical and 
environmental applications, Analyst. 
29;143(11):2469-2478.

[13] Bajpai SK, Kandra R, (2019) 
“Synthesis, characterization of carbon 
dots from BTCA and their application 
as an effective crosslinker to control 
the swelling of chitosan films Nano 
Materials (Accepted)

[14] S. K. Bajpai, Pradeep Daheriya, 
Sonam Ahuja & K. Gupta, Water 
absorption and antimicrobial behavior 
of physically cross linked poly (vinyl 
alcohol)/ carrageenan films loaded with 
minocycline, Designed Monomers and 
Polymers, 2016

References



Chitin and Chitosan - Physicochemical Properties and Industrial Applications

110

[15] Rajani Kanta Sahu ,ManoranjanKar 
, RasmiraniRoutray, (2013) DPPH Free 
Radical Scavenging Activity of Some 
Leafy Vegetables used by Tribals of 
Odisha, India. Journal of Medicinal 
Plants Studies, 1(4),21-27

[16] Fischbacher A1, von Sonntag C2, 
Schmidt TC, Hydroxyl radical yields in 
the Fenton process under various pH, 
ligand concentrations and hydrogen 
peroxide/Fe(II) ratios., Chemosphere. 
2017 ;182:738-744.

[17] Sanchez-Moreno C. (2002) 
Methods used to evaluate the free 
radical scavenging activity in foods 
and biological systems. Food Sci Tech 
Int.;8:121-

[18] C. Lau, M. J. Cooney and P. 
Atanassov, Langmuir, 2008, 24, 
7004-7010.

[19] Jia Zhang, Shu-Hong Yu, (2016) 
Review : Carbon dots: large-scale 
synthesis, sensing and 600 bio imaging, 
Materials Today, Volume 19, Issue 7, 
Pages 382-601 393]

[20] Ghosal K, Ghosh A., Carbon dots: 
The next generation platform for 
biomedical 603 applications., Mater 
Sci Eng C Mater Biol Appl. 2019 
Mar;96:887-903.

[21] Smagulova S A, Egorova M N, 
Tomskaya A E and Kapitonov A N, 
Synthesis of Carbon 606 Dots with 
Tunable Luminescence,Journal of 
Material Sciences & Engineering, J 
Material Sci 607 Eng. 6: 376.

[22] J. Hou, J. Li, J. Sun, S. Ai and M. 
Wang, RSC Adv, 2014, 4, 37342-37348.

[23] S. Ruan, B. Zhu, H. Zhang, J. Chen, 
S. Shen, J. Qian, Q. He and H. Gao, J. 
Colloid Interface Sci., 2014, 422, 25-29.

[24] Rosemary L. Calabro, Dong-
Sheng Yang , Doo Young Kim, (2018) 
Liquid-phase laser ablation synthesis 

of graphene quantum dots from 
carbon nano-onions: Comparison with 
chemical oxidation, Journal of Colloid 
and Interface Science 527 132-140

[25] Hongye Huang, Meiying Liu, 
XunTuo, Junyu Chen, Liucheng Mao, 
Yuanqing Wen, 617 JianwenTian, 
Naigen Zhou, Xiaoyong Zhang, Yen 
Wei, (2018) A novel thiol-ene click 
reaction 618 for preparation of graphene 
quantum dots and their potential for 
fluorescence imaging,Materials 619 
Science & Engineering C 91 631-637

[26] Yifan Wang, Yanwu Zhu, Shaoming 
Yu and Changlong Jiang,(2017) 
Fluore scent carbon 621 dots: rational 
synthesis, tunable optical properties 
and analytical applications, RSC Adv 7, 
622 40973-40989

[27] Dan Wang ,Zhiyong Wang , 
Qiuqiang Zhan , Yuan Pu , Jie-Xin 
Wang , Neil R. Foster , 624 Liming 
Dai,( (2017) Facile and Scalable 
Preparation of Fluorescent Carbon Dots 
for 625 Multifunctional Applications, 
Engineering 3 402-408

[28] N.F.Mohd Nasir, 2N. Mohd Zain, 
2 M.G. Raha, 2N.A. Kadri,(2005) 
Characterization of 628 Chitosan-
poly (Ethylene Oxide) Blends as 
Haemodialysis Membrane American 
Journal of 629 Applied Sciences 2 (12): 
1578-1583,

[29] Parichat Norranattrakul, Krisana 
Siralertmukul and Roongkan Nuisin, 
(2013) Fabrication of 6 chitosan/
titanium dioxide composites film for 
the photocatalytic degradation of 
dye Journal of Metals, Materials and 
Minerals, Vol.23 No.2 pp.9-22,

[30] Blahovec J., Vanniotis S, (2008) 
GAB generalized equation for sorption 
phenomena,. Food and Bioprocess 
Technology 1,82-90.

[31] JiříBlahovec and Stavros Yanniotis, 
(2010) ‘Gab’ Generalized Equation 

111

Wound Dressing Application of Ch/CD Nanocomposite Film
DOI: http://dx.doi.org/10.5772/intechopen.95107

as a Basis for Sorption Spectral 
AnalysisCzech J. Food Sci, 28 (5): 
345-354.

[32] NurulMujahidah Ahmad 
Khairuddin, Amalina Muhammad 
afifi, NurAwanisHashim, Shaza 6 
Eva Mohamad&KatayoonKalantari, 
(2018) Immobilization of Bovine Serum 
Albumin on the Chitosan/PVA Film, 
SainsMalaysiana 47(6) 1311-1318

[33] Lackner, J. M. and W. Waldhauser, 
(2010) Inorganic PVD and CVD 
Coatings 6 inMedicine— A Review  
of Protein and Cell Adhesion on  
Coated Surfaces. J AdhesSciTechnol 
24, 925-961

[34] Zhao Y, Yu L, Dong X,  
Sun Y., Protein adsorption to 
poly(ethylenimine)-modified sepharose 
FF: VII. Complicated effects of pH., J 
Chromatogr A. 2018 Dec 14;1580:72-79.

[35] Karina Kubiak-Ossowska , Karolina 
Tokarczyk, Barbara Jachimska , and 
Paul A. Mulheran, (2017) Bovine 
Serum Albumin Adsorption at a Silica 
Surface Explored by Simulation and 
Experiment,J. Phys. Chem. B, , 121 
(16), pp 3975-3986, DOI:10.1021/acs.
jpcb.7b01637

[36] D. Draganescu, C. Ibanescu, B. I. 
Tamba, C. V. Andritoiu, G. Dodi and M. 
I. Popa, (2015)Int. J. Biol. Macromol., , 
72, 614-623

[37] Ballester-Costa C, Sendra E, 
Fernández-López J, Viuda-Martos M 
(2016)Evaluation of the antibacterial 
and antioxidant activities of chitosan 
edible films incorporated with organic 
essential oils obtained from four 
Thymus species J Food Sci Technol. 
53(8):3374-3379..

[38] Sharma SK, Singh AP,  
(2012) In Vitro Antioxidant and 
Free Radical Scavenging Activity of 
Nardostachysjatamansi DC, J Acupunct 
Meridian Studies,;5(3):112e118.

[39] Ismael Tejero, Angels Gonza’lez-
Lafont, Jose´ M. Lluch, and 
Leif A. Eriksson, (2007) 6 Theoretical 
Modeling of Hydroxyl-Radical-Induced 
Lipid Peroxidation Reactions, J. Phys. 
Chem. B , 111, 5684-5693

[40] Tamer M Tamer, Katarina 
Valachová, Mohamed Samir Mohyeldin, 
Ladislav Soltes, (2016) Free radical 
scavenger activity of chitosan and its 
aminated derivative, Journal of Applied 
6 Pharmaceutical Science Vol. 6 (04), 
pp. 195-201,

[41] Sharma SK, Gupta VK. (2008) 
In vitro antioxidant studies of 
Ficusracemosa Linn Root. Phcog Mag. 
4:70e74.



111

Wound Dressing Application of Ch/CD Nanocomposite Film
DOI: http://dx.doi.org/10.5772/intechopen.95107

as a Basis for Sorption Spectral 
AnalysisCzech J. Food Sci, 28 (5): 
345-354.

[32] NurulMujahidah Ahmad 
Khairuddin, Amalina Muhammad 
afifi, NurAwanisHashim, Shaza 6 
Eva Mohamad&KatayoonKalantari, 
(2018) Immobilization of Bovine Serum 
Albumin on the Chitosan/PVA Film, 
SainsMalaysiana 47(6) 1311-1318

[33] Lackner, J. M. and W. Waldhauser, 
(2010) Inorganic PVD and CVD 
Coatings 6 inMedicine— A Review  
of Protein and Cell Adhesion on  
Coated Surfaces. J AdhesSciTechnol 
24, 925-961

[34] Zhao Y, Yu L, Dong X,  
Sun Y., Protein adsorption to 
poly(ethylenimine)-modified sepharose 
FF: VII. Complicated effects of pH., J 
Chromatogr A. 2018 Dec 14;1580:72-79.

[35] Karina Kubiak-Ossowska , Karolina 
Tokarczyk, Barbara Jachimska , and 
Paul A. Mulheran, (2017) Bovine 
Serum Albumin Adsorption at a Silica 
Surface Explored by Simulation and 
Experiment,J. Phys. Chem. B, , 121 
(16), pp 3975-3986, DOI:10.1021/acs.
jpcb.7b01637

[36] D. Draganescu, C. Ibanescu, B. I. 
Tamba, C. V. Andritoiu, G. Dodi and M. 
I. Popa, (2015)Int. J. Biol. Macromol., , 
72, 614-623

[37] Ballester-Costa C, Sendra E, 
Fernández-López J, Viuda-Martos M 
(2016)Evaluation of the antibacterial 
and antioxidant activities of chitosan 
edible films incorporated with organic 
essential oils obtained from four 
Thymus species J Food Sci Technol. 
53(8):3374-3379..

[38] Sharma SK, Singh AP,  
(2012) In Vitro Antioxidant and 
Free Radical Scavenging Activity of 
Nardostachysjatamansi DC, J Acupunct 
Meridian Studies,;5(3):112e118.

[39] Ismael Tejero, Angels Gonza’lez-
Lafont, Jose´ M. Lluch, and 
Leif A. Eriksson, (2007) 6 Theoretical 
Modeling of Hydroxyl-Radical-Induced 
Lipid Peroxidation Reactions, J. Phys. 
Chem. B , 111, 5684-5693

[40] Tamer M Tamer, Katarina 
Valachová, Mohamed Samir Mohyeldin, 
Ladislav Soltes, (2016) Free radical 
scavenger activity of chitosan and its 
aminated derivative, Journal of Applied 
6 Pharmaceutical Science Vol. 6 (04), 
pp. 195-201,

[41] Sharma SK, Gupta VK. (2008) 
In vitro antioxidant studies of 
Ficusracemosa Linn Root. Phcog Mag. 
4:70e74.



113

Section 4

Physicochemical Properties



113

Section 4

Physicochemical Properties



115

Chapter 6

Ternary Solid Dispersion Strategy 
for Solubility Enhancement 
of Poorly Soluble Drugs by 
Co-Milling Technique
Marouene Bejaoui, Hanen Oueslati and Haykel Galai

Abstract

Amorphous ternary solid dispersion has become one of the strategies com-
monly used for improving the solubility and bioavailability of poorly water 
soluble drugs. Such multicomponent solid dispersion can be obtained by different 
techniques, this chapter provides an overview of ternary solid dispersion by co-
milling method from the perspectives of physico-chemical characteristics in vitro 
and in vivo performance. A considerable improvement of solubility was obtained 
for many active pharmaceutical ingredients (e.g., Ibuprofen, Probucol, Gliclazid, 
Fenofibrate, Ibrutinib and Naproxen) and this was correlated to the synergy of 
multiple factors (hydrophilicity enhancement, particle size reduction, drug-carrier 
interactions, anti-plasticizing effect and complexation efficiency). This enhanced 
pharmacokinetic properties and bioavailability of these drug molecules (1.49 to 
15-folds increase in plasma drug concentration). A particular focus was accorded 
to compare the ternary and binary system including Ibuprofen and highlighting 
the contribution of thermal and spectral characterization techniques. The addition 
of polyvinylpyrrolidone (PVP K30), a low molecular weight molecule, into the 
binary solid dispersion (Ibuprofen/β-cyclodextrin), leads to a 1.5–2 folds increase 
in the drug intrinsic dissolution rate only after 10 min. This resulted from physi-
cal stabilization of amorphous Ibuprofen by reducing its molecular mobility and 
inhibiting its recristallization even under stress conditions (75% RH and T = 40°C 
for six months).

Keywords: amorphous ternary solid dispersion, co-milling, PVP, physical stability, 
aqueous solubility, bioavailability, Ibuprofen

1. Introduction

In recent years, solid dispersion technology by milling technique was largely 
utilized by researchers in order to enhance dissolution rate, bioavailability and 
thus therapeutic efficiency of several poorly water-soluble drugs (Table 1), as it 
represents a simple, economic and environmental process without using solvents 
[1–9]. In fact, millings enable particle size reduction and promote the formation of 
drug nanoparticles, which enhance solubility, flow properties and content unifor-
mities of pharmaceutical dosage forms [10]. However, this process might induced 
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drug transition from crystalline to amorphous state which is more soluble in water 
but physically unstable in some cases [11]. Physical stabilization of such unstable 
amorphous material required an optimization strategy using additives (milling 
time and rate, compatible carriers with optimized proportion) in order to preserve 
its chemical integrity (absence of degradation) and inhibiting phase transforma-
tions or polymorphic conversion towards unstable forms [11]. In some cases, the 
stabilization and solubilization efficiency of binary solid dispersion is weak by 
exhibiting limited bioavailability enhancement [12] and required a large amount 
of carriers. In order to further enhance drug dissolution rate, several researchers 
have introduced third compound in drug formulations, this led to simultaneous 
enhancement of drug solubility and physical stability [13–19]. In this chapter, the 
challenges and strategies in developing robust ternary solid dispersion of high 
stability and performance are briefly discussed.

2.  Ternary solid dispersion: a new alternative to promote drug 
dissolution rate

Solubility and stability enhancement of drug molecules in ternary solid dis-
persion resulted from various mechanisms (Table 2) including intermolecular 
interactions (drug/carrier, carrier/carrier) and synergetic effects of excipients. This 
required the use of appropriate carrier showing compatibility in ternary mixtures 
(e.g. polymer, surfactant, crosslinked polymer, adsorbent, aminoacids, cyclodex-
trin molecules) and reinforcing stabilization of amorphous drug by preventing its 
recristallization or chemical degradation.

Watanabe et al. (2002) have reported the physical stabilization of amorphous 
Indomethacin (IM) by ternary solid dispersion using Mg (OH)2 and SiO2 as car-
riers [13]. DRIFT (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) 
results have shown the disappearance of the OH group (carboxylic group) band of 
IM (Table 3) in ternary system and this was attributed to mechanical dehydration 
generated by ball milling in presence of Mg (OH)2 and SiO2. Such dehydration leads 
to the increase in the acidity of the carriers and enhances the acid–base interaction 
which ensures the rapid amorphization of IM (Table 3). The presence of these 
two carriers has increased the glass transition temperature of Indomethacin, the 
Tg of ternary system was higher than that of binary ground mixtures (IM-SiO2, 

Drug molecules Authors

Piroxicam Anna Penkina et al. [1]

Praziquantel Alessio Gaggero et al. [2]

Telaprevir Xinnuo Xiong et al. [3]

Hydrochlorothiazide Sakib M. Moinuddin et al. [4]

Indomethacin Georgia Kasten et al. [5]

Nifedipine Pooja J. Patel et al. [6]

Ibuprofen Amjad Hussain et al. [7]

Bicalutamide Joanna Szafraniec et al. [8]

Celecoxib Zhuang Ding et al. [9]

Table 1. 
Some examples of drug molecules exhibiting solubility enhancement by binary solid dispersion using co-milling  
technique [1–9].
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drug transition from crystalline to amorphous state which is more soluble in water 
but physically unstable in some cases [11]. Physical stabilization of such unstable 
amorphous material required an optimization strategy using additives (milling 
time and rate, compatible carriers with optimized proportion) in order to preserve 
its chemical integrity (absence of degradation) and inhibiting phase transforma-
tions or polymorphic conversion towards unstable forms [11]. In some cases, the 
stabilization and solubilization efficiency of binary solid dispersion is weak by 
exhibiting limited bioavailability enhancement [12] and required a large amount 
of carriers. In order to further enhance drug dissolution rate, several researchers 
have introduced third compound in drug formulations, this led to simultaneous 
enhancement of drug solubility and physical stability [13–19]. In this chapter, the 
challenges and strategies in developing robust ternary solid dispersion of high 
stability and performance are briefly discussed.

2.  Ternary solid dispersion: a new alternative to promote drug 
dissolution rate

Solubility and stability enhancement of drug molecules in ternary solid dis-
persion resulted from various mechanisms (Table 2) including intermolecular 
interactions (drug/carrier, carrier/carrier) and synergetic effects of excipients. This 
required the use of appropriate carrier showing compatibility in ternary mixtures 
(e.g. polymer, surfactant, crosslinked polymer, adsorbent, aminoacids, cyclodex-
trin molecules) and reinforcing stabilization of amorphous drug by preventing its 
recristallization or chemical degradation.

Watanabe et al. (2002) have reported the physical stabilization of amorphous 
Indomethacin (IM) by ternary solid dispersion using Mg (OH)2 and SiO2 as car-
riers [13]. DRIFT (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) 
results have shown the disappearance of the OH group (carboxylic group) band of 
IM (Table 3) in ternary system and this was attributed to mechanical dehydration 
generated by ball milling in presence of Mg (OH)2 and SiO2. Such dehydration leads 
to the increase in the acidity of the carriers and enhances the acid–base interaction 
which ensures the rapid amorphization of IM (Table 3). The presence of these 
two carriers has increased the glass transition temperature of Indomethacin, the 
Tg of ternary system was higher than that of binary ground mixtures (IM-SiO2, 

Drug molecules Authors

Piroxicam Anna Penkina et al. [1]

Praziquantel Alessio Gaggero et al. [2]

Telaprevir Xinnuo Xiong et al. [3]

Hydrochlorothiazide Sakib M. Moinuddin et al. [4]

Indomethacin Georgia Kasten et al. [5]

Nifedipine Pooja J. Patel et al. [6]

Ibuprofen Amjad Hussain et al. [7]

Bicalutamide Joanna Szafraniec et al. [8]

Celecoxib Zhuang Ding et al. [9]

Table 1. 
Some examples of drug molecules exhibiting solubility enhancement by binary solid dispersion using co-milling  
technique [1–9].
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IM-Mg(OH)2). After storage at 30°C and 11% of RH, IM-SiO2 ground mixtures have 
shown rapid crystallization of amorphous Indomethacin. However, in the ternary 
co-grinding system, no crystallization was observed and this was attributed to 
higher acid–base interaction between Indomethacin and SiO2 -Mg (OH)2 interface 
that promotes the formation of bridging bonds (Si-O-C or Mg-O-C) which inhib-
ited the molecular mobility of amorphous drug.

Mura et al. (2003), have shown that aqueous dissolution of Naproxen (a poorly 
water-soluble anti-inflammatory drug) can be considerably enhanced by combina-
tion with hydroxypropyl- β-cyclodextrin and some aminoacids (Arginine) [14]. 
Such ternary system exhibited higher stability constant and drug solubility (at 
pH ≈ 7and T = 25°C) than binary system (Naproxen/Arginine). The synergetic 
effect in Naproxen solubility (a 13.4-fold increase compared to pure drug) can be 
attributed to the establishment of electrostatic interactions between Arginine and 
the carboxylic group of Naproxen, as well as hydrogen bond formation between 
Arginine and the hydroxyl groups of HPβCD [14].

Lauretta et al. (2015) have shown that amorphous ternary solid dispersion of 
Gliclazid (poorly soluble drug used in the treatment of patients with type 2 diabe-
tes) with crosslinked polyvinylpyrrolidone and SLS (Sodium Lauryl Sulfate) by 
co-milling method exhibited higher dissolution rate compared to the commercial 
product “Diabrezide” (Drug release of Gliclazid reached 90% in 2 h) [15]. Such 
solubility enhancement resulted from prevention of drug agglomeration in solution 
and improvement in wettability and hydrophilicity of co-milled particles.

In the case of Fenofibrate (FNB), a lipid-lowering drug (Class II) used in the 
treatment of hypertriglyceridemia and mixed hyperlipidemia, Xizhao Ding et al. 
(2018) have shown that the addition of Hydroxypropyl methylcellulose (HPMC) 
to the binary solid dispersion of Fenofibrate and Hydroxypropyl-β-cyclodextrin 
(molar ratio of 1:1), has shown a considerable enhancement of drug dissolution rate 
[16]. This ternary system has shown a percentage of 90% of drug release in 20 min 
(at 37 ± 0.5°C/pH = 7) which is higher than pure drug (24%) or binary system 
(60%). Such ternary solid dispersion was obtained by ball milling and led to the 
formation of inclusion complexes (increase in stability constants and complexation 
efficiency). This was attributed to the strong interactions established between FNB 
and HP-β-CD in presence of HPMC such as Van Der Waals dispersion forces, hydro-
phobic and hydrogen bonds, following the release of high-energy water molecules 
from HP-β-CD cavity [16].

Co-milling Ibrutinib (poorly water soluble antitumor drug) with oxalic acid 
(OXA) and microcrystalline cellulose (MCC) for six hours (Man Zhang et al. 
2019) led to a simultaneous improvement in drug dissolution rate (5.33-fold higher 
than crystalline Ibrutinib) and physical stability of amorphous drug under stress 
conditions (75% RH and T = 40°C for six months) [17]. Plasma drug concentration 
of the ternary system (Ibrutinib, OXA, and MMC) exhibited also an increase of 

IM + Mg(OH)2 IM + Si(O)2 IM + Si(O)2 + Mg(OH)2

Amorphization time 60 min 60 min 10 min

DRIFT OH (IM)/at 3377 cm−1 Decreased Decreased Disappeared

Bands Silanol group/at 
3747 cm−1

— Disappeared Disappeared

OH (Mg (OH)2)/at 
3377 cm−1

Unchanged — Unchanged

Table 3. 
Observed changes for Indomethacin ternary solid dispersion compared to binary mixtures [13].
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1.49-fold compared with crystalline Ibrutinib. This was attributed to wettability and 
hydrophilicity enhancement, as well as the presence of ionic interactions between 
drug and carriers as suggested by XPS (X-ray photoelectron spectroscopy) analy-
sis showing the appearance of protonated amines (N+) and high binding energy 
(+2.75 eV) in the ternary system (Ibrutinib/OXA/MCC) [17].

The combination of polymer (Kollidon® VA64) and surfactant 
(Cremophor®RH40) was effective for Probucol (poorly water soluble anti-
oxidative drug/BCS II) solubility enhancement by ball milling technique (Lijia et al. 
2017) [18]. This considerably enhanced in vitro dissolution and in vivo bioavailabil-
ity in rats. Such enhancement was attributed to the greater hydrophilicity, increased 
wettability and particle size reduction. The local solubilization effect of surfactant 
contributed also for preventing the aggregation of drug particles during dissolution. 
Otherwise, pharmacokinetic study has shown an increase of maximum plasma drug 
concentration for the ternary co-milled system which was 6.0-folds greater than 
that of Probucol commercial tablets [18].

On the other hand, Fang Li et al. (2019) have shown that dissolution rate and 
oral absorption of Probucol can be further improved by the formation of drug 
nanosuspensions (planetary beads-milling technique) using ternary stabilizers 
mixtures (Hydroxypropyl cellulose, an anionic surfactant (Sodium dodecylsulfate, 
SDS) and a nonionic surfactant (Pluronic F69)) [19]. Such Probucol nanosuspen-
sions were physically stable after storage during 7 days at 4°C or 25°C, with highest 
dissolution rate (more than 60% at 2 h). The in vivo pharmacokinetic study has also 
shown 15-folds higher value of the plasma Probucol concentration compared to that 
obtained for coarse Probucol suspension. Probucol dissolution enhancement was 
attributed to particle size reduction and the characteristics of the polymeric chain 
which is dependent on the nature of polymeric stabilizer used in the mixture [19].

3.  Solubility enhancement of Ibuprofen by formation of physically stable 
amorphous ternary system (Ibuprofen, PVP, β-cyclodextrin)

In recent years, researchers have used several techniques to improve the dissolu-
tion rate and bioavailability of Ibuprofen (IB), a non-steroidal anti-inflammatory 
drug (NSAID) which is poorly water soluble. The manipulation of the solid state of 
ibuprofen (Figure 1) remains a challenge for researchers because of its lower glass 
transition (Tg = −42 ± 1° C) and its tendency to recrystallized at room temperature 
[20]. The solubility improvement of ibuprofen was achieved by solid dispersion with 
different excipients (HPMC, Soluplus, PVP, Kaolin) [21–23], which differ in their 
solubilization abilities and their interactions with drug molecules. Several research-
ers have used complexation in the presence of βCD to improve the bioavailability 
of IB [24]. A water-soluble complex IB/βCD was obtained by co-precipitation or 
granulation (wet process) [25, 26]. Ibuprofen can also form an inclusion complex 

Figure 1. 
Ibuprofen molecule.
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IM-Mg(OH)2). After storage at 30°C and 11% of RH, IM-SiO2 ground mixtures have 
shown rapid crystallization of amorphous Indomethacin. However, in the ternary 
co-grinding system, no crystallization was observed and this was attributed to 
higher acid–base interaction between Indomethacin and SiO2 -Mg (OH)2 interface 
that promotes the formation of bridging bonds (Si-O-C or Mg-O-C) which inhib-
ited the molecular mobility of amorphous drug.

Mura et al. (2003), have shown that aqueous dissolution of Naproxen (a poorly 
water-soluble anti-inflammatory drug) can be considerably enhanced by combina-
tion with hydroxypropyl- β-cyclodextrin and some aminoacids (Arginine) [14]. 
Such ternary system exhibited higher stability constant and drug solubility (at 
pH ≈ 7and T = 25°C) than binary system (Naproxen/Arginine). The synergetic 
effect in Naproxen solubility (a 13.4-fold increase compared to pure drug) can be 
attributed to the establishment of electrostatic interactions between Arginine and 
the carboxylic group of Naproxen, as well as hydrogen bond formation between 
Arginine and the hydroxyl groups of HPβCD [14].

Lauretta et al. (2015) have shown that amorphous ternary solid dispersion of 
Gliclazid (poorly soluble drug used in the treatment of patients with type 2 diabe-
tes) with crosslinked polyvinylpyrrolidone and SLS (Sodium Lauryl Sulfate) by 
co-milling method exhibited higher dissolution rate compared to the commercial 
product “Diabrezide” (Drug release of Gliclazid reached 90% in 2 h) [15]. Such 
solubility enhancement resulted from prevention of drug agglomeration in solution 
and improvement in wettability and hydrophilicity of co-milled particles.

In the case of Fenofibrate (FNB), a lipid-lowering drug (Class II) used in the 
treatment of hypertriglyceridemia and mixed hyperlipidemia, Xizhao Ding et al. 
(2018) have shown that the addition of Hydroxypropyl methylcellulose (HPMC) 
to the binary solid dispersion of Fenofibrate and Hydroxypropyl-β-cyclodextrin 
(molar ratio of 1:1), has shown a considerable enhancement of drug dissolution rate 
[16]. This ternary system has shown a percentage of 90% of drug release in 20 min 
(at 37 ± 0.5°C/pH = 7) which is higher than pure drug (24%) or binary system 
(60%). Such ternary solid dispersion was obtained by ball milling and led to the 
formation of inclusion complexes (increase in stability constants and complexation 
efficiency). This was attributed to the strong interactions established between FNB 
and HP-β-CD in presence of HPMC such as Van Der Waals dispersion forces, hydro-
phobic and hydrogen bonds, following the release of high-energy water molecules 
from HP-β-CD cavity [16].

Co-milling Ibrutinib (poorly water soluble antitumor drug) with oxalic acid 
(OXA) and microcrystalline cellulose (MCC) for six hours (Man Zhang et al. 
2019) led to a simultaneous improvement in drug dissolution rate (5.33-fold higher 
than crystalline Ibrutinib) and physical stability of amorphous drug under stress 
conditions (75% RH and T = 40°C for six months) [17]. Plasma drug concentration 
of the ternary system (Ibrutinib, OXA, and MMC) exhibited also an increase of 

IM + Mg(OH)2 IM + Si(O)2 IM + Si(O)2 + Mg(OH)2

Amorphization time 60 min 60 min 10 min

DRIFT OH (IM)/at 3377 cm−1 Decreased Decreased Disappeared

Bands Silanol group/at 
3747 cm−1

— Disappeared Disappeared

OH (Mg (OH)2)/at 
3377 cm−1

Unchanged — Unchanged

Table 3. 
Observed changes for Indomethacin ternary solid dispersion compared to binary mixtures [13].
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1.49-fold compared with crystalline Ibrutinib. This was attributed to wettability and 
hydrophilicity enhancement, as well as the presence of ionic interactions between 
drug and carriers as suggested by XPS (X-ray photoelectron spectroscopy) analy-
sis showing the appearance of protonated amines (N+) and high binding energy 
(+2.75 eV) in the ternary system (Ibrutinib/OXA/MCC) [17].

The combination of polymer (Kollidon® VA64) and surfactant 
(Cremophor®RH40) was effective for Probucol (poorly water soluble anti-
oxidative drug/BCS II) solubility enhancement by ball milling technique (Lijia et al. 
2017) [18]. This considerably enhanced in vitro dissolution and in vivo bioavailabil-
ity in rats. Such enhancement was attributed to the greater hydrophilicity, increased 
wettability and particle size reduction. The local solubilization effect of surfactant 
contributed also for preventing the aggregation of drug particles during dissolution. 
Otherwise, pharmacokinetic study has shown an increase of maximum plasma drug 
concentration for the ternary co-milled system which was 6.0-folds greater than 
that of Probucol commercial tablets [18].

On the other hand, Fang Li et al. (2019) have shown that dissolution rate and 
oral absorption of Probucol can be further improved by the formation of drug 
nanosuspensions (planetary beads-milling technique) using ternary stabilizers 
mixtures (Hydroxypropyl cellulose, an anionic surfactant (Sodium dodecylsulfate, 
SDS) and a nonionic surfactant (Pluronic F69)) [19]. Such Probucol nanosuspen-
sions were physically stable after storage during 7 days at 4°C or 25°C, with highest 
dissolution rate (more than 60% at 2 h). The in vivo pharmacokinetic study has also 
shown 15-folds higher value of the plasma Probucol concentration compared to that 
obtained for coarse Probucol suspension. Probucol dissolution enhancement was 
attributed to particle size reduction and the characteristics of the polymeric chain 
which is dependent on the nature of polymeric stabilizer used in the mixture [19].

3.  Solubility enhancement of Ibuprofen by formation of physically stable 
amorphous ternary system (Ibuprofen, PVP, β-cyclodextrin)

In recent years, researchers have used several techniques to improve the dissolu-
tion rate and bioavailability of Ibuprofen (IB), a non-steroidal anti-inflammatory 
drug (NSAID) which is poorly water soluble. The manipulation of the solid state of 
ibuprofen (Figure 1) remains a challenge for researchers because of its lower glass 
transition (Tg = −42 ± 1° C) and its tendency to recrystallized at room temperature 
[20]. The solubility improvement of ibuprofen was achieved by solid dispersion with 
different excipients (HPMC, Soluplus, PVP, Kaolin) [21–23], which differ in their 
solubilization abilities and their interactions with drug molecules. Several research-
ers have used complexation in the presence of βCD to improve the bioavailability 
of IB [24]. A water-soluble complex IB/βCD was obtained by co-precipitation or 
granulation (wet process) [25, 26]. Ibuprofen can also form an inclusion complex 

Figure 1. 
Ibuprofen molecule.
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with βCD mechanically [27]. It has been shown that the complexing efficiency of the 
IB/βCD system formed in the solid state depends on the techniques applied [28]. In 
our previous published work [29], binary solid dispersion of IB was achieved by co-
milling the drug and βCD molecules, and then PVP was added to the binary mixture 
(IB/βCD) in order to evaluate physico-chemical changes in solid state.

3.1 Milling method

Ibuprofen was milled in presence of β-Cyclodextrin and then PVP at different 
weight ratios, physical mixtures (PM) were prepared by homogenization of pure 
components using ceramic mortar. Milling procedure was performed in a planetary 
ball mill (Pulverisette 7, Fritsch) using two milling jars (45 cm3)/7 balls (⌀ = 1 cm) 
in ZrO2. The rotation rate was set to 300 rpm and the ball/sample weight ratio was 
82.5:1. The milling procedure was optimized for 10 h at room temperature (≈298 K) 
constituted by 20 min milling periods with pause periods (10 min) in order to 
minimize the overheating of the sample.

3.2 Results

In the case of the binary system (IB/βCD), the X-ray diffraction results showed the 
complete amorphization of the βCD (Figure 2), while the crystallinity of the IB has 
been slightly modified [29]. Amorphization of βCD by milling at room temperature is 
predictable, as milling is carried out at a temperature sufficiently below the Tg of βCD 
(Tg ≈ 292°C) [30]. The enlargement of the Bragg peaks is explained by the reduction 
in the size of the crystallites and slight distortions of the crystal lattice generated by 
ball milling. As shown by SEM micrographs (Figure 2), the birefringence and the 
crystallinity of drug particles were moderately affected in the binary system (IB/
βCD). By adding 20% of PVP to this binary mixture, the formation of amorphous 
agglomerations can be observed [29]. This aspect is similar to that obtained in the case 
of inclusion complexes between IB and βCD by different methods (co-precipitation, 
lyophilization) [31]. As shown by X-ray diffraction results (Figure 2), the ternary 
mixture (IB/βCD/PVP) was totally amorphous and showed physical stability after 
storage under stress conditions at RH: 75% and T = 40° C for 6 months, while the 
quenched IB (Figure 2) recrystallized at room temperature after few minutes [29].

Figure 2. 
X-ray diffraction results and SEM micrographs of binary and ternary system [29].
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Different mechanisms were involved in the physical stabilization of amorphous 
IB in the ternary system, this required the use of several techniques (XRD, FTIR, 
SEM, DSC, and NMR) according to ICH recommendations [32]. Noticeable changes 
were resumed in Tables 4 and 5. In the case of the binary mixture (IB/βCD), the 
frequency shift of the carbonyl group of IB (Table 4) [29], could be attributed to 
the breaking of certain intermolecular bonds (hydrogen bonds) associated with 
IB dimmers, largely described in the literature [33]. The shift of the CO (primary 
alcohol) band and the OH (associated) band of βCD compared to physical mix-
tures, as well as the disappearance of the NMR proton of the carboxylic group of IB 
and the hydroxyls peaks of βCD (2, 3, 6) suggested the presence of hydrogen bonds 
between the carboxylic group of IB and hydroxyl groups of βCD [29]. DSC results 
(Table 5) have shown that the ternary mixture (IB/βCD/PVP) exhibited higher 
glass transition temperature (Tg˃250°C). This effect contributed to the reduction of 
molecular mobility of amorphous drug molecules and prevented its recristallization 
[29]. The addition of PVP to the binary system (IB/βCD) generated higher shifts 
for several infrared bands of IB, PVP and βCD (Table 4), this was accompanied 
also by an upfield shift of proton peaks of IB and βCD (located inside and outside 
the cavity), and a downfield shift of carbonyl peaks of IB and PVP [29]. All these 
changes can be attributed to the formation of multiple hydrogen bonds between the 
carboxylic group of IB and the carbonyl group and nitrogen of the pyrrolidone ring 
of PVP [34], as well as intermolecular hydrogen bonds between βCD (Figure 3) and 
PVP that were frequently observed in ternary systems [29, 35].

Mixtures/
infrared bands

Shifts

C=O(IB) C=O(PVP) OH/associated 
(βCD)

C-O/
secondary 

alcohol 
(βCD)

C-O/
primary 
alcohol 
(βCD)

C-N 
(PVP)

Binary system 8 cm−1 — 11 cm−1 2 cm−1 3 cm−1 —

Ternary system 12 cm−1 5 cm−1 22 cm−1 5 cm−1 6 cm−1 12 cm−1

Table 4. 
Shifts of Infrared Bands compared to physical mixtures [29].

DSC RMN 1H RMN 13 C

Binary 
system

• A decrease of melting 
temperature Tf (IB)

• Disappearance of the 
proton peaks of IB 
carboxylic group and 
hydroxyl groups of βCD 
(2, 3, 6)

• Upfield shirt of IB 
carbon peaks (Δδ 
[0.04:0.08] ppm)

Ternary 
system

• Disappearance of IB 
melting event

• Upfield shift of all 
proton peaks of βCD 
(located inside and 
outside the cavity) except 
hydroxyl peak (6) which 
downfielded

• Downfield shift of 
carbonyl peaks of IB 
and PVP

• Tg (glass transition 
temperature) >250°C

• Upfield shift of IB protons 
(higher than binary 
system)

Table 5. 
NMR and DSC characterization of co-milled mixtures (IB/βCD, IB/βCD/PVP) [29].
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82.5:1. The milling procedure was optimized for 10 h at room temperature (≈298 K) 
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ball milling. As shown by SEM micrographs (Figure 2), the birefringence and the 
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βCD). By adding 20% of PVP to this binary mixture, the formation of amorphous 
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of inclusion complexes between IB and βCD by different methods (co-precipitation, 
lyophilization) [31]. As shown by X-ray diffraction results (Figure 2), the ternary 
mixture (IB/βCD/PVP) was totally amorphous and showed physical stability after 
storage under stress conditions at RH: 75% and T = 40° C for 6 months, while the 
quenched IB (Figure 2) recrystallized at room temperature after few minutes [29].

Figure 2. 
X-ray diffraction results and SEM micrographs of binary and ternary system [29].
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Different mechanisms were involved in the physical stabilization of amorphous 
IB in the ternary system, this required the use of several techniques (XRD, FTIR, 
SEM, DSC, and NMR) according to ICH recommendations [32]. Noticeable changes 
were resumed in Tables 4 and 5. In the case of the binary mixture (IB/βCD), the 
frequency shift of the carbonyl group of IB (Table 4) [29], could be attributed to 
the breaking of certain intermolecular bonds (hydrogen bonds) associated with 
IB dimmers, largely described in the literature [33]. The shift of the CO (primary 
alcohol) band and the OH (associated) band of βCD compared to physical mix-
tures, as well as the disappearance of the NMR proton of the carboxylic group of IB 
and the hydroxyls peaks of βCD (2, 3, 6) suggested the presence of hydrogen bonds 
between the carboxylic group of IB and hydroxyl groups of βCD [29]. DSC results 
(Table 5) have shown that the ternary mixture (IB/βCD/PVP) exhibited higher 
glass transition temperature (Tg˃250°C). This effect contributed to the reduction of 
molecular mobility of amorphous drug molecules and prevented its recristallization 
[29]. The addition of PVP to the binary system (IB/βCD) generated higher shifts 
for several infrared bands of IB, PVP and βCD (Table 4), this was accompanied 
also by an upfield shift of proton peaks of IB and βCD (located inside and outside 
the cavity), and a downfield shift of carbonyl peaks of IB and PVP [29]. All these 
changes can be attributed to the formation of multiple hydrogen bonds between the 
carboxylic group of IB and the carbonyl group and nitrogen of the pyrrolidone ring 
of PVP [34], as well as intermolecular hydrogen bonds between βCD (Figure 3) and 
PVP that were frequently observed in ternary systems [29, 35].

Mixtures/
infrared bands

Shifts

C=O(IB) C=O(PVP) OH/associated 
(βCD)

C-O/
secondary 

alcohol 
(βCD)

C-O/
primary 
alcohol 
(βCD)

C-N 
(PVP)

Binary system 8 cm−1 — 11 cm−1 2 cm−1 3 cm−1 —

Ternary system 12 cm−1 5 cm−1 22 cm−1 5 cm−1 6 cm−1 12 cm−1

Table 4. 
Shifts of Infrared Bands compared to physical mixtures [29].

DSC RMN 1H RMN 13 C

Binary 
system

• A decrease of melting 
temperature Tf (IB)

• Disappearance of the 
proton peaks of IB 
carboxylic group and 
hydroxyl groups of βCD 
(2, 3, 6)

• Upfield shirt of IB 
carbon peaks (Δδ 
[0.04:0.08] ppm)

Ternary 
system

• Disappearance of IB 
melting event

• Upfield shift of all 
proton peaks of βCD 
(located inside and 
outside the cavity) except 
hydroxyl peak (6) which 
downfielded

• Downfield shift of 
carbonyl peaks of IB 
and PVP

• Tg (glass transition 
temperature) >250°C

• Upfield shift of IB protons 
(higher than binary 
system)

Table 5. 
NMR and DSC characterization of co-milled mixtures (IB/βCD, IB/βCD/PVP) [29].
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As a result of physical stabilization of amorphous Ibuprofen via different fac-
tors described previously, the IB dissolution rate (Figure 4) in the ternary mixture 
(IB/βCD/PVP) in 1:1:0.5 w/w ratio was greater than that obtained in the case of 
the binary mixture (IB/βCD) or (IB/PVP) in 1:1 w/w ratio [29]. The formation 
of such a water-soluble system can be explained not only by the synergistic effect 
of PVP and βCD via their mutual intermolecular interactions, but also by the 
ability of PVP to solubilize and promote formation of βCD complexes in the solid 
state [29]. Loftsson et al., have shown the role of PVP as a solubilizer in the case of 
several βCD complexes [36]. A ternary system (salt formation) was also obtained 
for IB and showed a considerable improvement in drug solubility and stability 
compared to the IB/βCD binary system [37]. Thus, the combination of PVP and 
β-Cyclodextrin molecules represents a scalable alternative for dissolution enhance-
ment of IB which weakly interacted with β-Cyclodextrin by ball milling at ambient 
temperature [29].

Figure 3. 
βCD molecule [29].

Figure 4. 
Dissolution test results of co-milled mixtures (each point represents mean ± S.D., n = 3 [29]).
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4. Conclusion

In summary, the formation of physically stable ternary amorphous system by 
solid dispersion method using optimized ball milling technique, represents a prom-
ising alternative for drug solubility and stability enhancement. This succeeded for 
improving the dissolution rate of several active pharmaceutical ingredients (e.g., 
Probucol, Gliclazid, Fenofibrate, Ibrutinib and Naproxen). Their pharmacokinetic 
properties and in vivo bioavailability were considerably improved in comparison 
to pure drug molecules (up to 15-folds increase in plasma drug concentration). 
Ibuprofen dissolution rate was considerably enhanced in presence of PVP and βCD 
(release of 90% in 1 h), such ternary system (IB/βCD/PVP) in 1:1:0.5 w/w ratio 
exhibited higher drug release than binary systems (IB/PVP, IB/βCD) in 1:1 w/w 
ratio. This was resulted from various mechanisms (intermolecular interactions, 
synergetic effects of carriers, anti-plasticizing effect, hydrophilicity enhancement, 
particle size reduction, inclusion of IB molecules in βCD cavity) promoting stabili-
zation of amorphous Ibuprofen even under stress conditions (75% RH and T = 40°C 
for six months). However, such scalable strategy requires the association of several 
analytical techniques in order to fully understand the solubilization and stabiliza-
tion processes involved.

5. Perspectives

A development of stability assay method should be performed to evaluate 
the absence of drug impurities in the ternary system. Moreover, it is necessary to 
further investigate the nature of interactions between drug molecules and carriers 
in such complex system.
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Abstract

Physical and chemical modifications of chitin and chitosan allow for obtaining 
new functional properties of the natural polymers. This is a particularly valuable 
feature for the design and manufacture of new materials for medical applications. 
Due to their wide and varied biological activity, chitin and chitosan materials are 
increasingly used as dressing materials with antibacterial and hemostatic proper-
ties and as materials accelerating the regeneration of damaged tissues because of 
stimulation of granulation tissue formation, re-epithelialization and reduction of the 
formation of scar tissue. In addition, chitosan derivatives have antifungal, antiviral, 
anticancer activity. The increasing use of chitin and chitosan also has a positive 
impact on the environment, as it is obtained as a result of chitin deacetylation, usu-
ally isolated from shellfish shells. The main source of chitin is waste coating of crus-
taceans. The annual natural reproducibility of chitin by biosynthesis is estimated 
at 2–3 billion tons. Our interest in the use of biodegradable biopolymers derived 
from chitin concerns the design, synthesis in laboratory scale, testing new material 
properties and the final implementation of new developments for industrial practice 
of new dressing materials useful in the treatment of bleeding wounds (haemostatic 
properties) as well as in the regeneration of wounds and ulcers of various etiolo-
gies. Examples of chitin-based dressing materials introduced by Tricomed SA are 
Medisorb R Ag, Medisorb R Membrane, Medisorb R Powder and Tromboguard®.

Keywords: chitin, chitosan, chemical modification, biological properties,  
dressing materials, manufacturing on an industrial scale

1. Introduction

Chitin and chitosan belong to the polymeric materials of natural origin from 
the polysaccharides group. The widely used polysaccharides of natural origin 
also include cellulose and derivatives of hyaluronic and alginic acid. Use for the 
production of medical devices (contact with the patient’s body), makes them meet 
several requirements: they should maintain their physicochemical properties after 
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treatment at elevated temperature during sterilization, after exposure to X-ray, 
detergents and aseptic. Polysaccharide biopolymers, like most polymeric materi-
als, degrade after some time of use, so it is also important that their decomposition 
products do not cause inflammation, allergic or immune reactions or any other 
interactions with patients’ bodies.

Chitin is a polysaccharide composed of N-acetylglucosamine residues linked by 
β-1,4-glycosidic bonds. Chitin is the main component of the fungal walls and the 
shells of arthropods (crustaceans, insects, and arachnids), but is also present in 
sponges, corals, and mollusks. However, for laboratory and industrial purposes, it 
is obtained mainly from marine invertebrates such as: crabs, shrimps, lobsters and 
krill. The properties of chitin depend on its origin. Chitin used in the production 
of medical devices must come from certified, controlled fisheries and must be 
properly purified. The methods of isolating chitin from natural sources are strictly 
dependent on the choice of the organism from which it is isolated. This polysaccha-
ride is similar in structure to cellulose. It differs in the presence of an acetyl amide 
group (-NHCOCH3) in place of one of the hydroxyl groups (Figure 1). The presence 
of this group means that there are much stronger intermolecular hydrogen bonds in 
chitin, which results in its greater mechanical strength compared to cellulose [1, 2].

Depending on the origin source, chitin can occur in three amorphous forms: α, 
β and γ [2, 3]. The most widespread is α chitin found in fungi, shells of crustaceans 
and krill, and the skeletons of insects. The β form, which can mainly be isolated 
from squids, is much less common. The differences in the crystal structure of both 
amorphous forms of chitin affect their processing capabilities. The ordered crystal 
structure of chitin limits its solubility in commonly used solvents, and thus, reduces 
its use in industry. α-Chitin is moderately soluble in aqueous thiourea solution, 
aqueous alkaline urea solution, 5% LiCl/DMAC, some ionic liquids, hexafluoroac-
etone, hexafluoro-2-propanol, methanesulfonic acid [4, 5]. The form of β-chitin, 
on the other hand, swells in water (forms a suspension) and is soluble in formic 
acid. Chitin has no cytotoxic effect in vitro, is physiologically inert, biodegradable, 
has antibacterial properties and is characterized by a high affinity to proteins. 
During its biodegradation in the wound environment, its oligomers and units are 
released. Most often, it is used in the form of gel, membranes, fibers, polymer films 
or is a component of polymer blends. Chitin activates macrophages, stimulates the 
proliferation of fibroblasts and influences vascularization [6–11].

Despite the very good biological properties of chitin, its practical use is mod-
erate, which is related to its low solubility causing difficulties in its processing. 
Therefore, chitin is used as a raw material to obtain new derivatives with better 
performance parameters. In terms of practical use, the most important chitin 
derivatives are its esters and chitosan, which is a product of chitin deacetylation, 
which can be classified into the group of amino-polysaccharides.

Figure 1. 
Structural resemblance of cellulose, chitin and chitosan.
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2. Chitin esters - materials with tailored functional properties

2.1 Chitin esters in dressing materials

The esterification of chitin hydroxyl groups allows to increase the utility poten-
tial of the polysaccharide by introducing various substituents, and thus, influencing 
the physical, chemical and biological properties of materials. The best known are 
chitin esters, in which the hydroxyl groups are esterified with one type of acylat-
ing reagent (presence of the same ester groups on both hydroxyl groups of chitin). 
Acetylated chitin derivatives (CH3CO- substituent) are prepared with acetic anhy-
dride in the presence of an acid catalyst. However, the physicochemical properties 
conditioning the processing of chitin acetate turned out to be unsatisfactory [12]. 
The use of a mixture of orthophosphoric acid and trifluoroacetic acid anhydride 
as a catalyst allowed to obtain a variety of chitin esters derived from: butyric acid, 
cyclopropanecarboxylic acid, cyclobutanecarboxylic acid, cyclopentanecarboxylic 
acid, cyclohexanecarboxylic acid and substituted benzoic acids. In the case of 
chitin butyrate, the process efficiency (DS (degree of substitution) included in the 
range 1.9–2.38) was dependent on the excess of butyric acid anhydride use [13–15]. 
Di-butyrylchitin (chitin di-butyrate, DBC) is an example of a chitin derivative 
soluble in typical organic solvents [16]. DBC is obtained by chitin esterification 
with butyric anhydride. Typically, it is a two-stage process. In the first step, chitin is 
purified from calcium salts with 2 M hydrochloric acid. The next stage is the process 
of proper esterification of purified chitin. The substrates of the reaction, apart from 
chitin, are butyric anhydride and the catalyst, which is most often chloric (VII) 
acid. The reaction is carried out in a heterogeneous system by adding powdered 
chitin in appropriate proportions to the reaction mixture consisting of butyric 
anhydride and chloric (VII) acid. The classical esterification process requires the 
use of substrates in a molar ratio of acid anhydride to N-acetylaminoglucose unit of 
10: 1. It is also crucial to carry out the reaction at a temperature of 20°C. Increasing 
the reaction temperature to 40°C causes a rapid lowering of the molecular weight 
of the modified polymer. The catalyst concentration has a direct influence on the 
efficiency of the esterification reaction. The yield of the reaction is the higher when 
more concentrated chloric (VII) acid is used. However, it should be remembered 
that the use of too much concentrated chloric (VII) acid results in the macromol-
ecule degradation. The esterification process is completed by adding diethyl ether 
to the reaction mixture. The isolated product is then heated with water to remove 
residual chloric (VII) acid. The product obtained in this way is treated for 24 hours 
with acetone, in which only di-butyrylchitin is dissolved. Then, the solution is 
concentrated to 5–6%. After the desired concentration is reached, the solution is 
poured into deionized water to precipitate the polymer, then the product is dried to 
obtain solid di-butyryl chitin. The above-described process of chitin esterification 
allows the conversion of free hydroxyl groups on the C3 and C6 carbon of the chitin 
into ester groups (CH3(CH2)2CO- substituent). Di-butyrylchitin is composed of di-
butyl-N-acetyl-amino-glucose units linked by 1,4-β-glycosidic bonds. The polymer 
is stabilized by hydrogen bonds between the polymer chains. Hydrogen bonds are 
formed with the participation of the hydrogen atom from the acetylamino group 
and the oxygen atom from the ester group. This kind of intermolecular interac-
tion determines its good mechanical properties [12–15]. Di-butyrylchitin does 
not dissolve and does not swell in water, but it dissolves in many organic solvents 
such as: acetone, methanol, ethanol, tetrahydrofuran (THF), dimethylformamide 
(DMF), chloroform, methylene chloride and others. Di-butyryl chitin is not easily 
degraded, it is resistant to γ-radiation (possibility of radiation sterilization), while 
enzymatic degradation under the influence of lysozyme and CE econase occurs at a 
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slow rate, which causes a slight change in molecular weight. Di-butyrylchitin with 
a molecular weight above 100000 Da has film-forming and fiber-forming proper-
ties [1, 2, 12–15]. Thus, obtaining DBC with the desired molecular weights directly 
determines its further processing capabilities (in particular electrospinning and 
leaching). The most important biological parameters of di-butyrylchitin are: pro-
longation of blood clotting time and good wettability. The use of DBC dressings has 
a positive effect on the granulation process (increasing the level of glycosaminogly-
cans in the wound), collagen cross-linking (generating more durable tissue), accel-
erating the wound healing process to form a healthy epidermis without scarring and 
protecting the wound against excessive moisture loss (optimal moist environment) 
[1, 2, 6–11]. In the course of treatment, the dressing slowly bio-degrades and 
resorbs until it disappears completely, which eliminates the painful act of changing 
it. The spontaneous, anti-pain effect of the dressing was also noted. DBC does not 
show cytotoxicity or irritation, it is a biocompatible polymer [9]. Di-butyrylchitin 
fibers are obtained by two methods: wet and dry-wet. The choice of the method 
used determines the structure of the obtained fibers. The fibers obtained in the 
wet-spinning process are less regular in shape, with a greater surface development 
than in the case of dry-wet spinning. DBC fibers produced by wet spinning are used 
as a raw material for the production of nonwovens. The technique of producing 
nonwovens from DBC depends on cutting the fibers into 6 cm long sections, from 
which the fleece is produced using a mechanical method on carding machines, and 
then the fibers in the fleece are joined by needling and calendaring [16, 17].

The dry-wet method of forming fibers from DBC hinges on preparing a spin-
ning solution with a concentration of 15 to 25% in ethanol, heating it to 60°C and 
squeezing it through a spinning die. Then, the incompletely solidified fiber is 
introduced into a water bath, where it is completely solidified. The fiber is then 
wound onto drums, stretched, and dried. A microporous DBC fiber with a linear 
mass of 1.7 to 5.6 g is obtained, depending on the concentration of the spinning 
solution used. The fibers obtained by the dry method have an elongated and curved 
cross-sectional shape, similar to a croissant. The degree of crystallinity of the fibers 
determined in X-ray examinations is similar in both methods and amounts to 
approx. 19%, and the transverse dimension of the crystallites approx. 23 Å. It is also 
easy to obtain chitin materials (the so-called regenerated chitin) from these materi-
als without damaging their macro-structure after a mild alkaline treatment. Fibers 
made of regenerated chitin and di-butyrylchitin do not induce cytotoxic, haemo-
lytic or irritating effects and cause minimal local tissue reaction after implantation 
[17–19]. Di-butyrylchitin and regenerated chitin fibers can be used to obtain dry 
dressing materials, as well as materials for other biomedical purposes. DBC-based 
woven dressings are biodegradable within the wound and do not need to be 
replaced during use [16, 17]. Chitin di-pentanoate (chitin divalerate, Di-O-Valeryl-
Chitin, DVCH) is also used for the production of commercially available dressings, 
where chitin is esterified with two valeryl groups (CH3(CH2)3CO- substituent) at 
the 3 and 6 positions of N-acetylglucosamine units. The high degree of DVCH 
esterification was achieved by using a large excess of valeric anhydride used both as 
acylating agent and reaction medium, and perchloric acid as catalyst. It turned out 
to be optimal to conduct the reaction where the molar ratio of valeric acid anhy-
dride to chitin was 7:1, which also facilitated thorough mixing of the components 
during the reaction and temperature control. The performance of the reaction 
under conditions of high homogeneity of the solution has a great influence on the 
quality of the product. Insufficient mixing of the solution during the acylation step 
led to a local temperature rise, uneven chitin acylation and ultimately resulted in 
products with varying degrees of esterification and higher polydispersity. 
Additionally, at elevated temperature it was observed reduction of the molecular 
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weight of the biopolymer as a result of the acidic degradation of chitin that occurs 
in parallel with the acylation reaction in the presence of a strong acid. To obtain 
products with a high degree of esterification, 0.5 M perchloric acid was used 
(deacetylation of the N-acetyl group was not observed). The separation of the raw 
product from the reaction mixture takes place during the neutralization of the 
valeric acid excess with a 2.5% NaHCO3 solution. The use of sodium bicarbonate as 
a weak base prevents deacetylation of the N-acetyl group. Depending on the 
reaction time and temperature, products with different parameters are obtained. 
The lower temperature leads to a product with a higher molecular weight. A longer 
reaction time increases the yield of the reaction, but is associated with a reduction 
in molecular weight due to acidic degradation of the polymer. The DVCH polydis-
persity index ranged from 1.47 to 2.06, suggesting a low molecular weight distribu-
tion. Due to the good solubility of DVCH in organic solvents such as acetone or 
ethanol, it is possible to prepare thin polymer layers by casting or porous structures 
by salt leaching. The DVCH shows a semi-ductile behavior and breaks when it 
exceeds the yield point. The stretching properties of DVCH films depend on the 
molecular weight. The modulus, yield stress, tensile stress as well as strain at break 
increase continuously with increasing DVCH molecular weight. The increase in the 
modulus with molecular weight results in higher mechanical strength of DVCH 
films. The elongation at break, although slightly increases with increasing molecu-
lar weight, remains low, not exceeding 4%. As a consequence, the higher DVCH 
molecular weight is, it behaves like a stiff plastic that can withstand relatively high 
stresses but does not withstand high elongation before breakage. Using the salt 
leach method, it is also possible to develop porous materials from DVCH. The 
structure of porous DVCH-based materials consists of a unified network of inter-
connected channels. This structure is characterized by a high content of open pores 
of various sizes. Two pore populations can be distinguished: large with a size in the 
range 150–780 μm (average pore size approx. 435 μm ± 168 μm) and small with a 
size in the range of 4–22 μm (average pore size 7.7 μm ± 3.3 μm [16–19]. Chitin 
divalerate is a technologically friendly biopolymer. The good solubility of DVCH in 
organic solvents (ethanol, DMAC, DMSO, acetone) due to the presence of hydro-
phobic valeryl groups in C-3 and C-6 positions enables its easy processing of its 
particles. The DVCH maintains the film-forming ability of chitin, so it can easily be 
used in the production of threads, films, foams and scaffolds, as well as non-woven 
fabrics. Biological data show that DVCH is not cytotoxic to fibroblasts and does not 
cause irritation or allergy to the skin of animals [20]. For the synthesis of chitin 
dihexanoate (DHCH) it is also possible to use appropriate acid anhydrides and 
methanesulfonic acid as a catalyst. In order to increase the homogeneity of the 
solution and better control the temperature in the process, by analogy to the 
synthesis of the valerate ester, an excess of acid anhydride and methanesulfonic 
acid are used, the mixture being the reagents and the reaction medium. Optimal 
methanesulfonic acid to chitin molar ratios are 16:1 and 10:1 for chitin di-hexanoate 
and chitin di-butyrate, respectively. This approach will result in a high degree of 
substitution of hydroxyl groups, equal to almost 2, and a low polydispersity. 
Moreover, under optimal conditions, no hydrolysis of the N-acetyl bond was 
observed. Good chitin solubility in methanesulfonic acid, even at low temperatures, 
allows the esterification process to be carried out under milder conditions. The key 
parameter is the intensity of agitation of the reaction suspension. Insufficient heat 
transfer due to poor mixing of the solution, similar to the synthesis of chitin 
di-pentanoate, leads to a lower degree of esterification, high polydispersity of the 
final product and a reduction in molecular weight. The neutralization process is 
carried out with a 4% sodium bicarbonate solution. The synthesis of DBC at a low 
temperature and short reaction time (temperature 0°C and 8°C) is ineffective due 
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slow rate, which causes a slight change in molecular weight. Di-butyrylchitin with 
a molecular weight above 100000 Da has film-forming and fiber-forming proper-
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erating the wound healing process to form a healthy epidermis without scarring and 
protecting the wound against excessive moisture loss (optimal moist environment) 
[1, 2, 6–11]. In the course of treatment, the dressing slowly bio-degrades and 
resorbs until it disappears completely, which eliminates the painful act of changing 
it. The spontaneous, anti-pain effect of the dressing was also noted. DBC does not 
show cytotoxicity or irritation, it is a biocompatible polymer [9]. Di-butyrylchitin 
fibers are obtained by two methods: wet and dry-wet. The choice of the method 
used determines the structure of the obtained fibers. The fibers obtained in the 
wet-spinning process are less regular in shape, with a greater surface development 
than in the case of dry-wet spinning. DBC fibers produced by wet spinning are used 
as a raw material for the production of nonwovens. The technique of producing 
nonwovens from DBC depends on cutting the fibers into 6 cm long sections, from 
which the fleece is produced using a mechanical method on carding machines, and 
then the fibers in the fleece are joined by needling and calendaring [16, 17].

The dry-wet method of forming fibers from DBC hinges on preparing a spin-
ning solution with a concentration of 15 to 25% in ethanol, heating it to 60°C and 
squeezing it through a spinning die. Then, the incompletely solidified fiber is 
introduced into a water bath, where it is completely solidified. The fiber is then 
wound onto drums, stretched, and dried. A microporous DBC fiber with a linear 
mass of 1.7 to 5.6 g is obtained, depending on the concentration of the spinning 
solution used. The fibers obtained by the dry method have an elongated and curved 
cross-sectional shape, similar to a croissant. The degree of crystallinity of the fibers 
determined in X-ray examinations is similar in both methods and amounts to 
approx. 19%, and the transverse dimension of the crystallites approx. 23 Å. It is also 
easy to obtain chitin materials (the so-called regenerated chitin) from these materi-
als without damaging their macro-structure after a mild alkaline treatment. Fibers 
made of regenerated chitin and di-butyrylchitin do not induce cytotoxic, haemo-
lytic or irritating effects and cause minimal local tissue reaction after implantation 
[17–19]. Di-butyrylchitin and regenerated chitin fibers can be used to obtain dry 
dressing materials, as well as materials for other biomedical purposes. DBC-based 
woven dressings are biodegradable within the wound and do not need to be 
replaced during use [16, 17]. Chitin di-pentanoate (chitin divalerate, Di-O-Valeryl-
Chitin, DVCH) is also used for the production of commercially available dressings, 
where chitin is esterified with two valeryl groups (CH3(CH2)3CO- substituent) at 
the 3 and 6 positions of N-acetylglucosamine units. The high degree of DVCH 
esterification was achieved by using a large excess of valeric anhydride used both as 
acylating agent and reaction medium, and perchloric acid as catalyst. It turned out 
to be optimal to conduct the reaction where the molar ratio of valeric acid anhy-
dride to chitin was 7:1, which also facilitated thorough mixing of the components 
during the reaction and temperature control. The performance of the reaction 
under conditions of high homogeneity of the solution has a great influence on the 
quality of the product. Insufficient mixing of the solution during the acylation step 
led to a local temperature rise, uneven chitin acylation and ultimately resulted in 
products with varying degrees of esterification and higher polydispersity. 
Additionally, at elevated temperature it was observed reduction of the molecular 
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weight of the biopolymer as a result of the acidic degradation of chitin that occurs 
in parallel with the acylation reaction in the presence of a strong acid. To obtain 
products with a high degree of esterification, 0.5 M perchloric acid was used 
(deacetylation of the N-acetyl group was not observed). The separation of the raw 
product from the reaction mixture takes place during the neutralization of the 
valeric acid excess with a 2.5% NaHCO3 solution. The use of sodium bicarbonate as 
a weak base prevents deacetylation of the N-acetyl group. Depending on the 
reaction time and temperature, products with different parameters are obtained. 
The lower temperature leads to a product with a higher molecular weight. A longer 
reaction time increases the yield of the reaction, but is associated with a reduction 
in molecular weight due to acidic degradation of the polymer. The DVCH polydis-
persity index ranged from 1.47 to 2.06, suggesting a low molecular weight distribu-
tion. Due to the good solubility of DVCH in organic solvents such as acetone or 
ethanol, it is possible to prepare thin polymer layers by casting or porous structures 
by salt leaching. The DVCH shows a semi-ductile behavior and breaks when it 
exceeds the yield point. The stretching properties of DVCH films depend on the 
molecular weight. The modulus, yield stress, tensile stress as well as strain at break 
increase continuously with increasing DVCH molecular weight. The increase in the 
modulus with molecular weight results in higher mechanical strength of DVCH 
films. The elongation at break, although slightly increases with increasing molecu-
lar weight, remains low, not exceeding 4%. As a consequence, the higher DVCH 
molecular weight is, it behaves like a stiff plastic that can withstand relatively high 
stresses but does not withstand high elongation before breakage. Using the salt 
leach method, it is also possible to develop porous materials from DVCH. The 
structure of porous DVCH-based materials consists of a unified network of inter-
connected channels. This structure is characterized by a high content of open pores 
of various sizes. Two pore populations can be distinguished: large with a size in the 
range 150–780 μm (average pore size approx. 435 μm ± 168 μm) and small with a 
size in the range of 4–22 μm (average pore size 7.7 μm ± 3.3 μm [16–19]. Chitin 
divalerate is a technologically friendly biopolymer. The good solubility of DVCH in 
organic solvents (ethanol, DMAC, DMSO, acetone) due to the presence of hydro-
phobic valeryl groups in C-3 and C-6 positions enables its easy processing of its 
particles. The DVCH maintains the film-forming ability of chitin, so it can easily be 
used in the production of threads, films, foams and scaffolds, as well as non-woven 
fabrics. Biological data show that DVCH is not cytotoxic to fibroblasts and does not 
cause irritation or allergy to the skin of animals [20]. For the synthesis of chitin 
dihexanoate (DHCH) it is also possible to use appropriate acid anhydrides and 
methanesulfonic acid as a catalyst. In order to increase the homogeneity of the 
solution and better control the temperature in the process, by analogy to the 
synthesis of the valerate ester, an excess of acid anhydride and methanesulfonic 
acid are used, the mixture being the reagents and the reaction medium. Optimal 
methanesulfonic acid to chitin molar ratios are 16:1 and 10:1 for chitin di-hexanoate 
and chitin di-butyrate, respectively. This approach will result in a high degree of 
substitution of hydroxyl groups, equal to almost 2, and a low polydispersity. 
Moreover, under optimal conditions, no hydrolysis of the N-acetyl bond was 
observed. Good chitin solubility in methanesulfonic acid, even at low temperatures, 
allows the esterification process to be carried out under milder conditions. The key 
parameter is the intensity of agitation of the reaction suspension. Insufficient heat 
transfer due to poor mixing of the solution, similar to the synthesis of chitin 
di-pentanoate, leads to a lower degree of esterification, high polydispersity of the 
final product and a reduction in molecular weight. The neutralization process is 
carried out with a 4% sodium bicarbonate solution. The synthesis of DBC at a low 
temperature and short reaction time (temperature 0°C and 8°C) is ineffective due 
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to the low reaction yields and possibly incomplete esterification of the chitin 
hydroxyl groups, resulting in the formation of a significant amount of insoluble gel 
fractions when dissolved in acetone prior to precipitation with water. For DHCH, it 
is preferable to use low synthesis temperatures (0°C and 8°C). The yield of DHCH 
synthesis was relatively high (above 70%), with the highest efficiency observed at 
21°C (84 to 95%). Unfortunately, carrying out the synthesis of DHCH at 21°C 
resulted in a low molecular weight product. A trend analogous to that of chitin 
di-pentanoate was observed, indicating that the longer the reaction time, the higher 
the reaction performance and the lower the molecular weight of the obtained 
biopolymers. Although in DHCH the hydroxyl groups of chitin are substituted with 
longer alkyl chains than in DVCH or DBC, it has been found that DHCH retains 
good solubility in solvents such as ethanol, acetone, dichloromethane, 1,2-dichloro-
ethane, N,N-dimethylformamide, N,N-dimethylacetamide and ethyl acetate and no 
solubility in water. Good solubility, filmogenic and fiber-forming properties of 
DHCH give greater possibilities of its processing (film casting, washing method, 
electrospinning method) compared to chitin alone. The mechanical properties of 
DHCH and DBC in the form of thin solid layers poured from solution were investi-
gated in relation to their molecular weights. DHCH and DBC showed semi- 
continuous properties and cracked rapidly upon exceeding the plasticity point, 
similar to that observed for DVCH. The elongation at break was small and did not 
exceed 4%. For both biopolymers, their tensile properties correlate with the 
molecular weight. Parameters such as modulus of elasticity, stress at yield, as well as 
stress and strain at break, were found to increase with increasing DHCH and DBC 
molecular weight. Comparing the mechanical properties of DHCH, DBC and 
DVCH, it can be concluded that Young’s modulus decreases with increasing chain 
length of the acyl group of chitin diesters (a similar relationship is observed for 
chitin monoesters, where only one hydroxyl group is acylated). Due to the good 
solubility of hydrophobic chitin diesters in organic solvents and their insolubility in 
water, it is possible to obtain porous structures based on DHCH and DBC by using 
the salt leaching method. The prepared porous materials are characterized by a 
united network of interconnected channels and a high degree of open porosity with 
pores of various sizes (pore size in the range 78–421 μm, average pore size 
253 μm ± 93 μm) [21–24]. Due to its physic-chemical properties, DHCH can suc-
cessfully replace or support materials based on di-butyrylchitin (e.g. in the form of 
mixtures of both biopolymers) and thus it can be used as a material for medical and 
pharmaceutical applications, especially in tissue engineering scaffolds and in 
healing wounds. The described procedure of chitin esterification to obtain products 
of high purity. Moreover, this method is universal (the possibility of preparation 
various chitin diesters) and is easy to produce and is not time-consuming [21]. 
Another method of chemical modification of chitin is esterification leading to 
carboxymethylchitin (CMCht, CM-chitin) [22, 23] or dicarboxymethylchitin using 
monochloroacetic or mono-chloropropionic acid followed by  substitution of 
halogen with a hydroxyl group. This modification leads to the loss of the supramo-
lecular structure of chitin and the formation of water-soluble  derivatives [24].

2.2 Mixed chitin esters (co-esters)

The presence of two hydroxyl groups at the C-3 and C-6 positions of chitin 
allows the introduction of two different acyl substituents, leading to the formation 
of mixed esters (co-esters) of chitin. This possibility is also due to the differential 
reactivity of the hydroxyl groups linked to the primary and secondary carbon atoms 
in chitin. Thus, under ideal conditions, it is possible to obtain mixed esters con-
taining the same molar fraction of different acyl groups in the modified material. 
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Different ester groups (e.g., butyric and acetic acid residues) are present in mixed 
esters in a single polysaccharide chain. The replacement of some large bulky butyl 
groups with much smaller acetate groups in one polysaccharide chain causes that in 
a condensed state, it becomes possible to obtain favorable conditions for the forma-
tion of intermolecular bonds of the hydrogen bridge type. This effect cannot be 
expected when using a mixture of two different biopolymers (e.g. chitin diacetate 
and chitin di-butyrate). Thus, the term mixed polymers is not the same as mixed 
chitin esters. In order to obtain a polymer mixture, it is necessary to use at least two 
chemically different polymers (Figure 2). In contrast mixed ester/co-ester of chitin 
contains only one component. It was found that the differences between chitin 
mixed esters (co-esters) and a mixture of two species can be observed in NMR 
spectra (1H and 13C) (Figures 3 and 4). The studies used 50:50 butyryl-acetyl-chitin 
co-polyester (2) (mixed ester), 90:10 butyryl-acetyl-chitin co-polyester (3) and a 1: 
1 mixture of chitin di-butyrate (1) and chitin diacetate (4).

A comparative analysis of the 13C-NMR spectra of the 180–150 ppm range 
characteristic for the chemical shifts of carbon in carboxylic acid derivatives 
showed that the distribution in the mixed ester of chitin 2 and 3 is different from 
the carbon signals of the 1: 1 mixture of polymers 1 and 4 (Figure 3). A similar 
result is observed in the range of 10–40 ppm, characteristic for carbons of aliphatic 
ester residues introduced as a result of esterification of chitin with acetic anhydride 
and butyric acid (Figure 3).

Comparative studies of 1H-NMR spectra in the range of chemical shifts 2.5 ppm 
to 0.5 ppm also allowed to state that in the case of butyryl-acetyl chitin co-polyes-
ters (samples 2 and 3) the recorded signals are different than in the case of the 1: 1 
mixture of polymers 1 and 4 (Figure 4).

The possibility of forming the intermolecular hydrogen bonds that stabilize 
butyryl-acetyl chitin co-polyester structure translates into fiber-forming properties, 
and thus the possibility of modulating the functional properties of the final materi-
als and their use in the manufacture of new materials for medical use. In addition to 
stabilization by hydrogen bonds, it is also possible to create weak interactions based 
on hydrophobic interactions. The participation of such various weak interactions 
in the stabilization of materials may translate into their ability to interact with both 
hydrophobic and hydrophilic structures, which affects biological activity.

2.2.1 Chitin co-esters in dressing materials

Acetate-formate mixed chitin ester was obtained using formic acid, acetic 
anhydride and trifluoroacetic acid as a catalyst [25]. It turned out that this ester 
is slightly soluble in typical organic solvents. This is one of the reasons why this 
derivative has not found practical use, even though its biological properties are 
comparable to those of chitin. A similar situation was observed in the case of 
trifluoroacetate-formate derivatives of chitin [26].

Attempts to obtain a mixed butyric acetic ester of chitin by reaction using acetic 
and butyric anhydrides and methanesulfonic acid or trifluoroacetic acid as catalysts 
have been unsuccessful. The final product was a mixture of chitin acetate, chitin 
butyrate and the expected acetate-butyrate of chitin [27, 28].

The approach to synthesize mixed chitin esters using a mixture of trifluoro-
acetic acid and the corresponding organic acid as catalysts also led to the forma-
tion of mixtures of chitin monoesters and mixed esters (co-polyesters) of chitin. 
It has been shown that carrying out the reaction at the temperature of 70°C for a 
short time (30 min) under homogeneous conditions allows for obtaining co-
polyesters: acetate-butyrate, acetate-hexanoate, acetate-octanoate and acetate-
palmitate of chitin. The final co-polyesters have molecular weights ranging from 
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water, it is possible to obtain porous structures based on DHCH and DBC by using 
the salt leaching method. The prepared porous materials are characterized by a 
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253 μm ± 93 μm) [21–24]. Due to its physic-chemical properties, DHCH can suc-
cessfully replace or support materials based on di-butyrylchitin (e.g. in the form of 
mixtures of both biopolymers) and thus it can be used as a material for medical and 
pharmaceutical applications, especially in tissue engineering scaffolds and in 
healing wounds. The described procedure of chitin esterification to obtain products 
of high purity. Moreover, this method is universal (the possibility of preparation 
various chitin diesters) and is easy to produce and is not time-consuming [21]. 
Another method of chemical modification of chitin is esterification leading to 
carboxymethylchitin (CMCht, CM-chitin) [22, 23] or dicarboxymethylchitin using 
monochloroacetic or mono-chloropropionic acid followed by  substitution of 
halogen with a hydroxyl group. This modification leads to the loss of the supramo-
lecular structure of chitin and the formation of water-soluble  derivatives [24].

2.2 Mixed chitin esters (co-esters)

The presence of two hydroxyl groups at the C-3 and C-6 positions of chitin 
allows the introduction of two different acyl substituents, leading to the formation 
of mixed esters (co-esters) of chitin. This possibility is also due to the differential 
reactivity of the hydroxyl groups linked to the primary and secondary carbon atoms 
in chitin. Thus, under ideal conditions, it is possible to obtain mixed esters con-
taining the same molar fraction of different acyl groups in the modified material. 
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Figure 3. 
Fragments of 13C-NMR spectra of 1, 2, 3 and 4 derivatives.

Figure 2. 
Chemical structure of chitin di-acetate, chitin di-butyrate, butyryl-acetyl chitin co-polyester (mixture ester, 
co-ester).
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30 to 150 kDa and the degree of esterification ranging from 1.0 to 2.0, depending 
on the raw materials used.

Another approach to obtain mixed butyryl-acetyl esters of chitin [29] is based on 
the use of butyric and acetic acid anhydrides and methanesulfonic acid as a catalyst. 
However, this method is not very friendly from the point of view of industrial stop-
page. Thinking about the industrial synthesis of the butyryl-acetyl chitin derivative, 
it was necessary to establish reaction conditions that would eliminate the need to 
use methanesulfonic acid.

In the works on the development of a method for the production of the butyryl-
acetyl chitin co-polyester on an industrial scale, it was necessary to develop, in the 
first stage, the conditions for the synthesis on a laboratory scale, which would later 
be transferred to an industrial scale. The esterification in laboratory conditions is 
carried out under heterogeneous conditions at 20-25°C, using chloric (VI) acid as 
a catalyst and a mixture of butyric and acetic acid anhydrides, used in a molar ratio 
of 90:10 [22, 23]. The product was obtained with a yield of 82 to 89% is soluble in 
DMF, DMSO and NMP, has a high molar mass (intrinsic viscosity of these products 
determined in DMF at the level of 2.0–2.05 dL/g) and a full degree of esterifica-
tion. In the research on the development of a method of producing butyryl-acetyl 
chitin co-polyester in industrial conditions it was crucial to eliminate the possibility 
of formation an explosive mixture which may arise as a result of direct contact of 
acetic anhydride with perchloric acid. It turned out that the priority was to use an 
efficient cooling system so that the process temperature did not exceed 20°C. In 
laboratory conditions, it was sufficient to use an ice-water bath with NaCl (brine 
bath) and intensive mixing of the suspension. In laboratory conditions, diethyl 
ether is added to the slurry to remove excess unreacted anhydrides and formed 
carboxylic acids and the crude product is filtered off. The crude acetylation product 
is washed with water and dilute ammonia water, dried and finally dissolved in 
ethanol. The transfer of the conditions from the laboratory scale to the macro scale 

Figure 4. 
Fragments of 1H-NMR spectra of 1, 2, 3 and 4 derivatives in the range 2.5–0.5 ppm.
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did not involve only increasing the amount of reagents and the size of the synthe-
sizer. The key was to optimize the process conditions and the use of reagents that 
can be used in industrial conditions from the point of view of safety, environmental 
impact and economics. A reactor with a capacity of 60 dm3 with an effective cooling 
system was used. A 3 kg chitin input was used for the synthesis. The remaining 
reagents (2 dm3 of perchloric acid, 15 dm3 of butyric anhydride and 1 dm3 of acetic 
anhydride) were added in portions. The time required for all reagents to be intro-
duced and for complete conversion was about 24 h. In place of diethyl ether, under 
industrial conditions, ethyl acetate was used to remove excess unreacted butyric 
and acetic anhydrides. In industrial conditions it was also necessary to replace the 
ammonia water to neutralize the acetic and butyric acid residues. It turned out that 
it is possible to use sodium carbonate for this purpose. Also, the step of separation 
of raw product required changes in the industrial process. In the synthesis under 
laboratory conditions, G4 Schott funnels were used for filtration. However, the use 
of this method on a large scale was ineffective. So suction filtration was used, the 
efficiency of which was 100 dm3 per hour. The process efficiency on an industrial 
scale was comparable to that of a laboratory scale synthesis. The physical and 
chemical properties of the final products were also comparable. The conducted 
research guaranteed the reproducible and required parameters of the raw material 
for the production of new medical materials [22, 23]. Figure 5 shows a set for the 
synthesis of butyryl-acetyl chitin co-polyester on an industrial scale.

The development of an efficient synthesis of the butyryl-acetyl chitin co-polyes-
ter (BAC 90/10) made it possible to demonstrate that the obtained chitin derivative 
has the ability to form fibers from a wet solution with a strength slightly above 20 
cN/tex with high porosity. Fibers with a strength at this level can be the basis for 
the production of 3D polymer-fiber composites. BAC 90/10 fibers show a stronger 
predisposition to apatite crystallization; strong sorption tendencies of fibers allow-
ing the possibility of local supersaturation favoring the nucleation of apatite. It has 
been also found that BAC 90/10 fibers degrade fast under in vitro conditions.

One application of the butyryl-acetyl chitin co-polyester (BAC 90/10) is its use 
to produce highly porous film materials [30].

The research work began with laboratory tests during which two methods of for-
mation of porous materials were tested: (a) pouring a 5% ethanol BAC 90/10 solu-
tion on a layer of solid inorganic salt (porophor agent), which, after solidification, 
was exposed to water to wash out the porophor agent, and (b) the use of porophor 

Figure 5. 
Set for the synthesis of butyryl-acetyl chitin co-polyester on an industrial scale.
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agent suspensions in BAC 90/10 solution, which was a mixture of solvents with a 
density close to the bulk density of the porophor agent. Various organic and inor-
ganic salts (K2CO3, KHCO3, KHSO4, KNO2, (NH4)2CO3, (NH4)HCO3, (NH4)2HPO4, 
(NH4)2SO4, Na2CO3, NaHCO3, Na2HPO4, Na2S2O3 x 5H2O, NaCl, di-ammonium 
citrate, di-ammonium oxalate were tested. It was found that all tested salts can be 
used as porophors. However, the most optimal porophor agent, in terms of porosity 
(95–99%) and tensile strength of 5 cN, was NaCl.

Based on laboratory work, it was possible to start work on optimizing the 
production of porous dressing materials (Medisorb R, Medisorb R Ag). In the 
industrial method, solid NaCl as porophor agents and a 3% solution of BAC 90/10 
in ethanol were used. The membrane was formed by pouring a 3% solution of 
BAC 90/10 onto a layer of porophor agent to produce a spongy structure. After 
drying, the membrane is rinsed in distilled water at 40°C until the porophor agent 
is washed off. The product is then dried at 80°C. After packing, the obtained 
membrane dressings are subjected to a process of radiation sterilization (in the 
case of the variant without the addition of an antibacterial substance). To obtain 
a silver-coated membrane, the membrane is sprayed with a suspension of metallic 
silver dispersed in water by means of a spray nozzle. The silver particles are evenly 
distributed in the suspension using an ultrasonic device. After drying and then 
packing, the product is subjected to radiation sterilization. The powder dressing is 
obtained by grinding the byturyl-acetyl chitin co-polyester, which is then sterilized 
by radiation [23, 31]. Figure 6 shows a scheme for the preparation of porous  
dressings based on butyryl-acetyl chitin co-polyester.

Dressing materials obtained by leaching salt from butyryl-acetyl chitin co-
polyester (BAC 90/10) and sodium chloride with a diameter of 0.16–0.40 nm and/
or microsilver were characterized by a high degree of porosity, pore size in the 
range of 275–305 nm and a degree of crystallinity in the range of 27.2–27.4%. SEM 

Figure 6. 
A scheme for the preparation of porous dressings based on butyryl-acetyl chitin co-polyester.
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tests confirmed the porous structure of pores, which are negative for the crystals 
of the inorganic porophor agent used. In addition, the pores are open pores, which 
increases the effectiveness of water adsorption. Figure 7 shows microscopic picture 
of porous structures obtained by the porophor agent washout method.

Dressings made of butyryl-acetyl chitin co-polyester (Figure 8) are intended for 
wounds of various etiologies, including chronic wounds, where the healing process 
is disturbed by comorbidities. In order to accelerate the healing of deep wounds, 
a dressing in the form of a backfill has been designed. Wounds are often accom-
panied by a bacterial infection, therefore, apart from the dressing in the form of a 
membrane made of chitin co-polyester only, there is also a variant containing the 
addition of silver, showing a bactericidal effect in the wound environment. Silver 
may appear in various forms, however, it has been assumed that only the ionic form 
of silver has a bactericidal effect. Any other form of silver must be converted to 
its ionic form. Hence, metallic silver with a small particle size after oxidation and 
hydrolysis is characterized by the highest antibacterial activity. Silver in ionic form 
also has the ability to interact with proteins. It has been found that the ionic form of 
silver has a higher protein binding capacity compared to nanoparticles [32–36].

The presence of pores and microcapillaries in the structure of membrane 
dressings allows drainage of wound exudate. Dressings made on the basis of chitin 
co-polyesters are characterized by high biocompatibility. Biological tests confirmed 
the lack of cytotoxic, irritating and allergenic effects. These dressings are degraded 

Figure 7. 
Microscopic picture of porous structures obtained by the porophor agent washout method.

Figure 8. 
Picture of porous structures obtained by the porophor agent washout method.
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in the subcutaneous tissue and gradually become smaller. The dressing shortens 
and weakens the exudative phase, drains the wound and accelerates the productive 
phase. The epithelialization process under the butyryl-acetyl chitin co-polyester 
was completed faster compared to the control sample [37].

FTIR ATR analysis was made for samples of untreated Medisorb R dressings 
and material treated with fresh human plasma in order to test the dressing surface 
degradation and protein absorption on the dressing surface. Comparing spectra 
of samples treated with fresh human plasma and pure material, the decreasing of 
intensity of the vibration band of C=O at 1733 cm−1 in relation to the amide I signal 
at 1659 cm−1 was observed. It confirmed the sample surface degradation, which 
was connected to the hydrolysis of ester BAC 90/10 groups. In the in vivo tests, the 
dressings under macroscopic examination, in full thickness defects of subcutaneous 
tissue and skin caused wound healing with no inflammation, undergoing the most 
gradual biodegradation between weeks 4 and 8, and the observed differences were 
statistically significant [37].

The developed biodegradable dressings based on butyryl-acetyl chitin co-poly-
ester were subjected to clinical evaluation using a wide range of patients. The use 
of dressings significantly accelerated the wound healing process caused by venous 
insufficiency and diabetes, also in patients whose healing process was disturbed by 
comorbidities. The improvement of the clinical condition of the wound depends on 
the individual patient and is most often observed after 30–60 days. The obtained 
results indicate that the tested dressings significantly reduce the time of wound 
healing. Medisorb R Ag is more effective than Medisorb R Membrane in the treat-
ment of infected wounds. The powder form (Medisorb R Powder) allows the appli-
cation of the dressing to deeper wounds. Thanks to their unique structure, dressings 
drain wound exudates beyond its environment, thus restoring the proper course of 
the cell reconstruction process. The ability to biodegrade in contact with the wound 
secretion eliminates the need to replace dressings, so the newly formed granulation 
tissue is not disturbed - cell reconstruction processes run smoothly [38].

3. Chitosan- raw materials obtained from chitin

Chitosan is obtained as a result of the hydrolysis of chitin N-acetylamide groups 
(partial deacetylation of chitin). The main advantage of chitosan is its much better 
solubility in aqueous acid solutions, especially organic acids. Chitin deacetylation 
by chemical or enzymatic methods allows for obtaining materials with various 
degrees of hydrolysis (Figure 9). However, it is assumed that at least 50% chitin 
deacetylation is necessary for the material to be classified as chitosan. The degree 
of deacetylation (DD) is defined as the ratio of the number of free NH2 groups to 
the initial number of NHCOCH3 groups present in chitin and is presented in the 
equation:

 2
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NH NHCOCH

N
DD

N N
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where N - the number of specific units (structural units) in the polymer.
The value of DD affects the biological and physicochemical properties of the 

polymer, such as solubility, swelling and stability, as well as reactivity.
Chitosan obtained by chemical (concentrated NaOH) or enzymatic (chitin 

deacetylase) deacetylation of chitin. The first step of preparation of chitosan 
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is mechanical grinding of the raw chitin, and subsequent process of removing 
proteins, color compounds and inorganic salts takes place. The deproteinization 
process is usually performed with a dilute aqueous solution of sodium hydroxide at 
an elevated temperature [4, 5]. For protein removing also proteolytic enzymes were 
used [39, 40], but in the case of papain, trypsin and chymotrypsin, it was found 
that they did not completely remove the protein fraction. After deproteinization 
process, the residue is treated with dilute aqueous hydrochloric acid to dissolve 
the calcium carbonate. A similar effect can be obtained by using HCOOH, HNO3, 
H2SO4 or EDTA [5]. The decolorization process is based on extraction with etha-
nol, acetone or treatment with oxidizing reagents (KMnO4, NaOCl, H2O2). These 
activities allow to obtain chitin of required purity for its further transformation 
into chitosan. Chitosan from chitin obtained by chemical deacetylation is obtained 
at high temperature (above 100°C), under high pressure and in the presence of 
concentrated (40–50%) strong bases (usually NaOH). A typical industrial chitosan 
production process provides almost complete recovery of proteins, calcium oxide 
or calcium carbonate, carotenoid pigments and sodium acetate under the condi-
tions of using sodium hydroxide as the deacetylating agent. However, this process 
has several disadvantages. It is not environmentally friendly as it consumes a 
large amount of energy and is also difficult to control leading to a heterogeneous 
product. The use of chitin deacetylase for the production of chitosan oligomers 
and polymers can potentially eliminate most of these drawbacks [41]. The advan-
tages of enzymatic deacetylation are more pronounced in the processing of chitin 
oligomers, as these substrates are soluble in the aqueous medium and are therefore 
more susceptible to enzymes. The downside is the high cost of the enzyme and the 
requirement to use pre-processed chitin. The conditions of the chitin deacetylation 
process have a significant impact on the distribution of N-acetyl-D-glucosamine 
and D-glucosamine groups in the polysaccharide chain. Their location in the chain 
has a significant impact on the physicochemical properties of the material, such as 
crystallinity, solubility and susceptibility to degradation [3]. Depending on the final 
use, chitosan can be formed into a hydrogel, membranes, fibers, sponges and micro/
nanoparticles [42].

Figure 9. 
Chitosan formation from chitin by chitin deacetylation.
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4. Chitosan parameters

4.1 Physio-mechanical parameters of chitosan

Chitosan is a polysaccharide composed of randomly distributed acetylated and 
deacetylated units of D-glucosamine. Chitosan exists in five different crystal forms, 
four of which are hydrated and one is anhydrous. Microcrystalline chitosan is 
characterized by better biodegradability and bioactivity.

Most of the properties of chitosan depend on two parameters: degree of 
deacetylation and molecular weight distribution. Depending on the source and 
method of preparation, the deacetylation degree varies from 30 to 95%, and the 
molecular weight from 300 to over 1000 kDa [43]. The solubility of chitosan 
strongly depends on the deacetylation degree, which translates into the number of 
free amino groups. Chitosan is soluble in acidic solutions due to its susceptibility 
to protonation and formation of ammonium salts. It is soluble in acetic, formic, 
citric, lactic and hydrochloric acid and insoluble in most organic solvents. Chitosan, 
as a biodegradable polymer, is easily broken down by microorganisms into simple 
chemical compounds such as carbon dioxide (CO2) and ammonia (NH3). Like other 
biopolymers, it is susceptible to many chemical and physical factors leading to its 
degradation. The degradation process also depends on the degree of deacetylation 
and the molecular weight of the polymer [3, 5].

Chitosan has many valuable properties, such as: biocompatibility, biodegrad-
ability, non-toxicity, the ability to create polycations in an acidic environment, 
the possibility of modification, high affinity for metals, dyes and proteins, hydro-
philicity, ability to create membranes and others [3, 5, 44]. These features make it 
applicable in medicine and pharmacy, in various industries, in environmental pro-
tection, including water treatment and separation processes. [5, 45, 46]. Chitosan 
also has a number of properties that limit its use in certain areas. It swells strongly 
in water (especially in an acidic environment), and in the swollen state it is char-
acterized by low mechanical strength. The use of chitosan is also limited due to its 
high viscosity. The reduction of the viscosity of chitosan solutions can be achieved 
by increasing the deacetylation degree while reducing the molecular weight and 
increasing the temperature or ionic strength [5, 47]. The key problem with the use 
of chitosan is its susceptibility to external factors (humidity and temperature) 
and processing conditions (heating or sterilization), which can affect its structure 
and cause its degradation. Parameters such as molecular weight or the presence 
of impurities have a significant impact on the processing of chitosan [48]. This 
causes difficulties in maintaining the stability of chitosan (no changes in molecular 
weight) for a long time at room temperature [49]. The influence of many factors, 
such as increased temperature, the presence of strong acids, mechanical shear or 
radiation, on the molecular weight of chitosan was demonstrated. It is also believed 
that high molecular weight chitosan is more stable. The lack of reproducibility in 
the processing of chitosan is also due to significant differences in molecular weight, 
deacetylation degree and purity level depending on the source of the raw material. 
The level of chitosan purity may affect both biological properties, such as biode-
gradability or immunogenicity, as well as its solubility and stability [48, 50].

4.2 Biological parameters of chitosan

Chitosan is a non-toxic polysaccharide containing randomly distributed acety-
lated and deacetylated units of D-glucosamine. The results of many studies confirm 
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is mechanical grinding of the raw chitin, and subsequent process of removing 
proteins, color compounds and inorganic salts takes place. The deproteinization 
process is usually performed with a dilute aqueous solution of sodium hydroxide at 
an elevated temperature [4, 5]. For protein removing also proteolytic enzymes were 
used [39, 40], but in the case of papain, trypsin and chymotrypsin, it was found 
that they did not completely remove the protein fraction. After deproteinization 
process, the residue is treated with dilute aqueous hydrochloric acid to dissolve 
the calcium carbonate. A similar effect can be obtained by using HCOOH, HNO3, 
H2SO4 or EDTA [5]. The decolorization process is based on extraction with etha-
nol, acetone or treatment with oxidizing reagents (KMnO4, NaOCl, H2O2). These 
activities allow to obtain chitin of required purity for its further transformation 
into chitosan. Chitosan from chitin obtained by chemical deacetylation is obtained 
at high temperature (above 100°C), under high pressure and in the presence of 
concentrated (40–50%) strong bases (usually NaOH). A typical industrial chitosan 
production process provides almost complete recovery of proteins, calcium oxide 
or calcium carbonate, carotenoid pigments and sodium acetate under the condi-
tions of using sodium hydroxide as the deacetylating agent. However, this process 
has several disadvantages. It is not environmentally friendly as it consumes a 
large amount of energy and is also difficult to control leading to a heterogeneous 
product. The use of chitin deacetylase for the production of chitosan oligomers 
and polymers can potentially eliminate most of these drawbacks [41]. The advan-
tages of enzymatic deacetylation are more pronounced in the processing of chitin 
oligomers, as these substrates are soluble in the aqueous medium and are therefore 
more susceptible to enzymes. The downside is the high cost of the enzyme and the 
requirement to use pre-processed chitin. The conditions of the chitin deacetylation 
process have a significant impact on the distribution of N-acetyl-D-glucosamine 
and D-glucosamine groups in the polysaccharide chain. Their location in the chain 
has a significant impact on the physicochemical properties of the material, such as 
crystallinity, solubility and susceptibility to degradation [3]. Depending on the final 
use, chitosan can be formed into a hydrogel, membranes, fibers, sponges and micro/
nanoparticles [42].

Figure 9. 
Chitosan formation from chitin by chitin deacetylation.
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the antibacterial effect of chitosan. The mechanism explaining this feature is 
unknown [51]. The antimicrobial activity of chitosan is strongly dependent on many 
factors, such as molecular weight [52], degree of deacetylation (DD), pH of the dis-
solving medium and its ionic strength. Stronger antibacterial activity was observed 
with a high degree of deacetylation [53] and a low molecular weight of chitosan [54]. 
The antibacterial activity of chitosan is also associated with the form of the polymer 
(hydrogels, membranes, dissolved form) and the presence of other compounds [55]. 
One of the factors responsible for the antibacterial activity of chitosan is its cationic 
nature. The positively charged ammonium groups of chitosan may interact with 
negatively charged components of the bacterial cell wall, causing damage to the 
cell membrane and destruction of bacterial cells (a mechanism proposed for high 
molecular weight chitosan) [56]. Ultimately, this causes the formation of an imper-
meable layer around the bacterial cell, affecting permeability and transport to the 
cell [57, 58]. It has been suggested that low molecular weight chitosan can penetrate 
bacterial cell walls and eventually enter the cytoplasm and bind to DNA affecting 
DNA transcription, mRNA synthesis and finally protein biosynthesis [59].

The difference in the hydrophilicity and the negative charge of the cell surface 
of the bacteria makes gram-negative bacteria interact more strongly with chitosan, 
resulting in higher antibacterial activity against them.

The antibacterial activity of chitosan or its derivatives on gram-negative bacteria 
has been demonstrated for various strains: Escherichia coli, E. coli K88, E. coli ATCC 
25922, E. coli O157, Pseudomonas aeruginosa, Proteus mirabilis, Salmonella enter-
itidis, S. choleraesuis ATCC 50020, S. typhimurium, S. typhimurium ATCC 50013, 
Enterobacter aerogenes, Listeria monocytogenes [60–64]. The antibacterial activity 
of chitosan or its derivatives on gram-positive bacteria has been demonstrated 
for: Staphylococcus aureus, S. aureus ATCC 25923, Corynebacterium, Staphylococcus 
epidermidis, Enterococcus faecalis, Bacillus cereus, Bacillus megaterium. This indicates 
a broad spectrum of chitosan activity. It was also found that the effectiveness of 
chitosan binding to the bacterial cell wall depends on the pH value. At low pH, chi-
tosan shows better adsorption to the bacterial cell wall due to the increased positive 
charge of protonated amino groups [65–67].

The antifungal activity of chitosan also depends on its molecular weight and 
degree of acetylation. It was found that chitosan shows antifungal activity against 
selected phytopathogenic fungi Penicillium sp. in citrus [68], Botrytis cinerea in 
cucumber [69], Phytophthora infestans [70], Alternaria solani and Fusarium oxyspo-
rum [71]. Chitosan is also active against fungal species pathogenic to humans, while 
being non-toxic to human cells. The antifungal activity of chitosan or its derivatives 
has been demonstrated against: Candida albicans, Candida parapsilosis, Candida 
krusei, Candida glabrata, Penicillium digitatum, Penicillium italicum, Fusarium 
proliferatum, Hamigera avellanea, Aspergillus fumigatus, Rhizopus stolonifer, Cryptus 
stolofattans. The suggested mechanism of action is to create a permeable layer by 
chitosan which disrupts fungal growth [72–75]. It is believed to be related to the 
activation of defense processes, including chitinse accumulation, synthesis of 
proteinase inhibitors, callus synthesis and the lignification process [76].

The antiviral activity of chitosan derivatives is also suggested. The research focuses 
mainly on HIV. Peptide-chitosan conjugates (GlnMetTrp-chitosan and TrpMetGln-
chitosan) show a protective effect on C8166 cells by counteracting the cytolytic effects 
of the HIV-1RF strain. These derivatives have the ability to suppress HIV-induced syn-
cytium formation and reduce HIV load without inhibiting HIV-1 reverse transcriptase 
and protease in vitro [77]. Sulfated low molecular weight chitosan derivatives inhibit 
HIV-1 replication, HIV-1 induced syncytium formation, lytic activity and p24 antigen 
production. These derivatives are believed to influence the binding of HIV-1 gp120 to 
the CD4 cell surface receptor [78]. In comparative studies, chitosan conjugates with 
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thioglycolic acid, lactic acid, PEG and antiviral drugs, significantly higher efficacy 
was observed compared to the use of the drug alone [79–85].

Recent studies have shown that chitosan and its derivatives exhibit anti-tumor 
activity in both in vitro and in vivo models. It was found that chitosan derivatives 
increased the secretion of interleukin-1 and 2, influencing the maturation and 
infiltration of cytotoxic T lymphocytes [86]. The results have been confirmed in an 
in vivo study [87]. Moreover, a direct cytotoxic effect on neoplastic cells was found by 
inducing apoptosis. For A375, SKMEL28 and RPMI7951 cancer cell lines it was found 
to reduce cell adhesion, inhibit proliferation, inhibit specific caspases, regulate the 
activity of Bax as well as Bcl-2 and Bcl-XL, induce CD95 receptor expression through 
greater susceptibility to chitosan-induced apoptosis by FasL [88]. In the case of the 
PC3 A549, HepG2 and LCC cell lines, in the presence of chitosan, inhibition of the 
growth of neoplastic cells and inhibition of MMP-9 expression, hampering of cells 
in the S phase and reduction of the rate of DNA synthesis, p21 and PCNA regulation 
were found [89]. HepG2 and LCC xenografts in a mouse model showed inhibition 
of tumor growth and a reduction in the number of metastatic colonies at the dose 
of 500 mg/kg [90]. Carboxymethylated chitosan [91] inhibited hydrogen peroxide-
induced apoptosis in Schwann cells by reducing caspase-3, −9 and Bax activity and 
increasing Bcl-2 activity.

Various biological properties of chitosan also include good adhesion to cells, 
macrophage activation, stimulation of fibroblast proliferation, stimulation of 
cytokinin production, stimulation of type IV collagen synthesis, promoting angio-
genesis processes, haemostatic properties [92–95]. Moreover, it has a positive effect 
on granulation and epithelialization, and reduces scar formation. It is believed that 
many of the listed biological activities of chitosan are related to its unique feature, 
namely its cationic nature. Chitosan molecules with a positive charge interact with 
negatively charged erythrocytes and thrombocytes activating the extrinsic coagula-
tion, effectively stopping bleeding.

Chemical modification of chitosan allows to modulate the biological activity of 
chitosan, for example, heparin inactivation or antiviral activity. Chitosan can be 
in the form of: gel, sponge, fiber or porous composition with ceramics, collagen or 
gelatin. Chitosan is used as a component of wound healing dressings, while in the 
case of scaffolds, it is usually used with other natural polymers (hyaluronic acid, 
alginic acid, poly-L-lactidic acid, elastin, collagen, gelatin) or additives (hydroxy-
apatite, calcium phosphate, ceramic components) [95–97].

Chitosan increases the inflow of phagocytic cells (segmented granulocytes and 
macrophages) to the site of infection, stimulates the migration and proliferation of 
endothelial cells and fibroblasts. The effect of chitosan on the proliferation of fibro-
blasts depends on the degree of deacetylation and molecular weight. Forms with 
a higher degree of deacetylation and lower molecular weight stimulate fibroblast 
proliferation to a greater extent [98–123]. Chitosan is widely researched for its use 
in bone and cartilage reconstruction. It has the ability to create porous structures, 
which makes it used in tissue engineering, orthopedics and bone regeneration. It 
has also been used in drug delivery systems or therapeutic substances (DNA plas-
mids, siRNA, nanosilver), for the production of surgical sutures, wound healing 
dressings and artificial internal organs [124–150].

An interesting chitosan feature is also its ability to bind with mucus and cross 
epithelial barriers, so that its use as an adjuvant or auxiliary adjuvant in vaccines 
is considered. It is also included among the auxiliary substances that enable the 
preparation of various forms of drugs with specific properties.

It is an excellent metal ion complexing agent. This parameter is useful due to 
the immobilization of metal ions with antibacterial activity and enabling their 
 controlled release, depending on the needs [97].
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Chitosan can also be an environmentally friendly agent used to obtain textiles 
with antibacterial properties. Attempts were made to introduce chitosan powder into 
cotton and polyester-cotton fabric. Chitosan was introduced after the fabric surface 
was activated by 20% NaOH. The performed studies confirmed that chitosan is well 
implemented in fabrics made of a cotton and polyester/cotton blend [151].

4.3 Chitosan in dressing materials

Due to its physicochemical and biological properties, chitosan and its derivatives 
are considered to be versatile biomaterials with various biological activities [152–159].

Chitosan and its derivatives as materials with antimicrobial activity and low 
immunogenicity are widely used in wound healing. They provide a three-dimen-
sional matrix for tissue growth, activate macrophages and stimulate cell proliferation 
[160]. Chitosan improves the activity of polymorphonuclear leukocytes, macro-
phages and fibroblasts, which increase granulation and organization of repaired tis-
sues [161]. Its degradation to N-acetyl-β-D-glucosamine stimulates the proliferation 
of fibroblasts, supports regular collagen deposition, and also stimulates the synthesis 
of hyaluronic acid at the wound site. These properties accelerate healing and prevent 
scarring [162]. The development of chitosan formation in the form of nanofibers 
with the assumed adhesive properties allowed to obtain a material useful for the 
creation of dressing materials [163]. Chitosan nanofibers obtained by electrospin-
ning method are porous, have high tensile strength, large surface area combined with 
an ideal rate of water vapor and oxygen transfer. They are also compatible with stem 
cells derived from adipose tissue, which is beneficial for wound healing [164, 165].

A characteristic feature of chitosan dressings is their ability to effectively control 
bleeding [166]. The most important element of hemostasis is blood clotting, which 
leads to the formation of a clot consisting mainly of the fibrin network and platelets 
embedded in it. This process prevents further loss of fluid and electrolytes from 
the wound and reduces contamination of the wound. There is erythema around 
the wound, swelling, pain and locally increased temperature. Inflammation wid-
ens local blood vessels, which facilitates the penetration of macrophage cells and 
fibroblasts into the wound, which cleanse the wound of tissue residues, vascular 
clots and pathogenic bacteria. In the next phase of healing, fibroblasts synthesize 
collagen and other proteins needed to build and regenerate connective tissue and 
rebuild damaged blood vessels. In the course of scar formation, type III collagen 
fibers transform into type I collagen until they reach the balance characteristic 
of healthy skin and are necessary to restore skin continuity. The final remodeling 
process leads to a significant increase in the mechanical strength of the wound. 
The haemostatic effect of chitosan has been clearly documented. Chitosan in the 
form of a non-woven fabric has a positive effect on each stage of wound healing. 
The unique features of chitosan include: macrophage activation, stimulation of 
fibroblast proliferation, absorption of growth factors, stimulation of cytokinin 
production, stimulation of type IV collagen synthesis, support for angiogenesis 
processes, antibacterial and hemostatic properties. The positive effect of chitosan 
on granulation tissue, epidermis and reduction of scar formation has been proven. 
Like chitin, chitosan is susceptible to enzymatic biodegradation which produces 
biologically active oligosaccharides. The positively charged chitosan molecules react 
with negatively charged erythrocytes and thrombocytes to activate the external 
clotting pathway and effectively block bleeding. At the same time, chitosan can 
serve as a carrier of specific medicinal substances (DNA plasmids, siRNA, nanosil-
ver particles), which enhance its positive effect on the healing process. Chitosan has 
also been found to significantly increase the adhesion and aggregation of platelets in 
the process of hemostasis [167, 168].
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Currently, there are many chitosan materials available on the market that are 
used to heal wounds in patients undergoing plastic surgery [169], skin grafting 
[170, 171] and endoscopic sinus surgery [172]. Chitosan-containing materials in the 
form of nonwovens, nanofibers, composites, films and sponges are: HemCon®, 
GuardaCare®, ChitoFlex®, ChitoGauze®, Celox™ Granules, Celox™ Gauze, 
Chito-Seal™, Clo-SurPLUS PAD Tegasorb™, Tegaderm™ ChiGel, ChitopackC®, and 
TraumaStat™ [173–176].

Haemostatic dressings also include Tromboguard® - a multi-layer dressing made 
of three layers: semi-permeable polyurethane foil, hydrophilic polyurethane foam, 
and a layer containing chitosan. The film layer protects the dressing against seepage, 
allowing the wound environment to remain moist, ensuring optimal air permeabil-
ity to its interior and creating a barrier against external factors. Polyurethane foam 
is a load-bearing layer and has strong absorbent properties thanks to the “pore-in-
pore” structure. The polyurethane layer is responsible for storing exudate and keep-
ing it outside the wound surface, ensuring adequate wound moisture. Additionally, 
it is a layer that protects the wound against mechanical damage.

The active layer, which is created by a unique composition of chitosan and algi-
nates, activates the blood coagulation process, significantly reducing bleeding time. 
By reacting on the wound surface with erythro- and thrombocytes, chitosan signifi-
cantly shortens the bleeding time. Calcium alginate accelerates the natural clotting 
process, and sodium alginate - by absorbing wound discharge - creates a layer of gel 
on the surface of the dressing that prevents it from sticking to the wound. Alginates 
are resorbable, non-toxic, non-carcinogenic, non-allergic and haemostatic [177]. 
When used as dressing materials, it is important that during contact with the 
wound, part of the alginate dressing passes in the form of a gel, which prevents the 
wound surface from drying out, and thus creates the possibility of creating a favor-
able, moist environment within the skin lesion [178]. At the same time, hemostatic 
properties result in a faster wound healing process and allow for more effective 
scarring. Patients also benefit from using these dressings to reduce pain when 
changing them. A significant advantage of using alginate-containing dressings is 
the elimination of the dressing sticking to the wound and high absorbency.

The Tromboguard® dressing (Figure 10) is used to stop bleeding in the case of: 
traumatic wounds, postoperative wounds, skin graft collection sites in surgery and 
reconstructive surgery - including combustiology, wounds requiring emergency 
care, gunshot and puncture wounds, wounds resulting from traffic accidents. 
It is characterized by a quick hemostatic effect (stops bleeding in 3 minutes), an 
antibacterial effect inside the product (protecting the dressing against the growth 
of microorganisms), and effective blood absorption even under pressure. It is not 
irritating, sensitizing and cytotoxic.

Figure 10. 
Tromboguard® dressing structure.
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was activated by 20% NaOH. The performed studies confirmed that chitosan is well 
implemented in fabrics made of a cotton and polyester/cotton blend [151].

4.3 Chitosan in dressing materials

Due to its physicochemical and biological properties, chitosan and its derivatives 
are considered to be versatile biomaterials with various biological activities [152–159].

Chitosan and its derivatives as materials with antimicrobial activity and low 
immunogenicity are widely used in wound healing. They provide a three-dimen-
sional matrix for tissue growth, activate macrophages and stimulate cell proliferation 
[160]. Chitosan improves the activity of polymorphonuclear leukocytes, macro-
phages and fibroblasts, which increase granulation and organization of repaired tis-
sues [161]. Its degradation to N-acetyl-β-D-glucosamine stimulates the proliferation 
of fibroblasts, supports regular collagen deposition, and also stimulates the synthesis 
of hyaluronic acid at the wound site. These properties accelerate healing and prevent 
scarring [162]. The development of chitosan formation in the form of nanofibers 
with the assumed adhesive properties allowed to obtain a material useful for the 
creation of dressing materials [163]. Chitosan nanofibers obtained by electrospin-
ning method are porous, have high tensile strength, large surface area combined with 
an ideal rate of water vapor and oxygen transfer. They are also compatible with stem 
cells derived from adipose tissue, which is beneficial for wound healing [164, 165].

A characteristic feature of chitosan dressings is their ability to effectively control 
bleeding [166]. The most important element of hemostasis is blood clotting, which 
leads to the formation of a clot consisting mainly of the fibrin network and platelets 
embedded in it. This process prevents further loss of fluid and electrolytes from 
the wound and reduces contamination of the wound. There is erythema around 
the wound, swelling, pain and locally increased temperature. Inflammation wid-
ens local blood vessels, which facilitates the penetration of macrophage cells and 
fibroblasts into the wound, which cleanse the wound of tissue residues, vascular 
clots and pathogenic bacteria. In the next phase of healing, fibroblasts synthesize 
collagen and other proteins needed to build and regenerate connective tissue and 
rebuild damaged blood vessels. In the course of scar formation, type III collagen 
fibers transform into type I collagen until they reach the balance characteristic 
of healthy skin and are necessary to restore skin continuity. The final remodeling 
process leads to a significant increase in the mechanical strength of the wound. 
The haemostatic effect of chitosan has been clearly documented. Chitosan in the 
form of a non-woven fabric has a positive effect on each stage of wound healing. 
The unique features of chitosan include: macrophage activation, stimulation of 
fibroblast proliferation, absorption of growth factors, stimulation of cytokinin 
production, stimulation of type IV collagen synthesis, support for angiogenesis 
processes, antibacterial and hemostatic properties. The positive effect of chitosan 
on granulation tissue, epidermis and reduction of scar formation has been proven. 
Like chitin, chitosan is susceptible to enzymatic biodegradation which produces 
biologically active oligosaccharides. The positively charged chitosan molecules react 
with negatively charged erythrocytes and thrombocytes to activate the external 
clotting pathway and effectively block bleeding. At the same time, chitosan can 
serve as a carrier of specific medicinal substances (DNA plasmids, siRNA, nanosil-
ver particles), which enhance its positive effect on the healing process. Chitosan has 
also been found to significantly increase the adhesion and aggregation of platelets in 
the process of hemostasis [167, 168].
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Currently, there are many chitosan materials available on the market that are 
used to heal wounds in patients undergoing plastic surgery [169], skin grafting 
[170, 171] and endoscopic sinus surgery [172]. Chitosan-containing materials in the 
form of nonwovens, nanofibers, composites, films and sponges are: HemCon®, 
GuardaCare®, ChitoFlex®, ChitoGauze®, Celox™ Granules, Celox™ Gauze, 
Chito-Seal™, Clo-SurPLUS PAD Tegasorb™, Tegaderm™ ChiGel, ChitopackC®, and 
TraumaStat™ [173–176].

Haemostatic dressings also include Tromboguard® - a multi-layer dressing made 
of three layers: semi-permeable polyurethane foil, hydrophilic polyurethane foam, 
and a layer containing chitosan. The film layer protects the dressing against seepage, 
allowing the wound environment to remain moist, ensuring optimal air permeabil-
ity to its interior and creating a barrier against external factors. Polyurethane foam 
is a load-bearing layer and has strong absorbent properties thanks to the “pore-in-
pore” structure. The polyurethane layer is responsible for storing exudate and keep-
ing it outside the wound surface, ensuring adequate wound moisture. Additionally, 
it is a layer that protects the wound against mechanical damage.

The active layer, which is created by a unique composition of chitosan and algi-
nates, activates the blood coagulation process, significantly reducing bleeding time. 
By reacting on the wound surface with erythro- and thrombocytes, chitosan signifi-
cantly shortens the bleeding time. Calcium alginate accelerates the natural clotting 
process, and sodium alginate - by absorbing wound discharge - creates a layer of gel 
on the surface of the dressing that prevents it from sticking to the wound. Alginates 
are resorbable, non-toxic, non-carcinogenic, non-allergic and haemostatic [177]. 
When used as dressing materials, it is important that during contact with the 
wound, part of the alginate dressing passes in the form of a gel, which prevents the 
wound surface from drying out, and thus creates the possibility of creating a favor-
able, moist environment within the skin lesion [178]. At the same time, hemostatic 
properties result in a faster wound healing process and allow for more effective 
scarring. Patients also benefit from using these dressings to reduce pain when 
changing them. A significant advantage of using alginate-containing dressings is 
the elimination of the dressing sticking to the wound and high absorbency.

The Tromboguard® dressing (Figure 10) is used to stop bleeding in the case of: 
traumatic wounds, postoperative wounds, skin graft collection sites in surgery and 
reconstructive surgery - including combustiology, wounds requiring emergency 
care, gunshot and puncture wounds, wounds resulting from traffic accidents. 
It is characterized by a quick hemostatic effect (stops bleeding in 3 minutes), an 
antibacterial effect inside the product (protecting the dressing against the growth 
of microorganisms), and effective blood absorption even under pressure. It is not 
irritating, sensitizing and cytotoxic.

Figure 10. 
Tromboguard® dressing structure.



Chitin and Chitosan - Physicochemical Properties and Industrial Applications

148

Tests of operational parameters: tensile strength, the ability to adapt to the 
injury site or the transmission of moisture vapors have shown that this dressing has 
a tensile strength (for porous materials) of min. 75 kPa (according to PN-EN ISO 
1798), which corresponds to the value recommended for dressing materials, and 
vapor permeability (transmission of moisture vapor) of min. 400 g/m3/24h.

The results of clinical trials have demonstrated the high haemostatic efficacy 
of Tromboguard®. The high effectiveness and durability of the antihaemorrhagic 
effect was confirmed 24 hours after application, which allowed the introduction 
of an absorbent foam dressing [179] and a three-layer hemostatic dressing to the 
market [96, 97].

5. Conclusion

Chitin and its ester derivatives, as well as chitosan obtained as a result of chitin 
deacetylation, have many valuable chemical, physical and biological properties that 
determine their use in many areas, also in medicine.

The widest use of chitin and its derivatives is observed in biomedical sciences, in 
particular: in dressing materials (active dressings), active substance carriers (drugs 
and growth factors), in tissue engineering (cell scaffolds - scaffolds, mainly ortho-
pedics) and in regenerative medicine (stem cell differentiation). Chitin accelerates 
the wound healing process by having a beneficial effect on processes such as angio-
genesis, granulation, epithelialization and scar formation, which play a key role 
in the physiological wound healing process. It increases the inflow of phagocytic 
cells (segmented granulocytes and macrophages) to the site of infection, stimulates 
the migration and proliferation of endothelial cells and fibroblasts. Chitin deriva-
tive dressings are considered to be very effective medical devices in the healing of 
difficult-to-heal wounds [6–11].

The results of clinical trials with dressings based on butyryl-acetyl chitin 
co-polyesters have also shown their high effectiveness in healing wounds of vari-
ous etiologies, mainly those caused by chronic venous insufficiency and diabetes. 
Their use leads to a reduction in the ulcer area and its depth. These dressings were 
assessed as having a high safety profile [38].

On the other hand, the results of clinical trials with chitosan dressings showed 
high effectiveness and durability of the anti-haemorrhagic effect. These studies also 
confirmed the safety of the dressing [96]. The antibacterial test confirmed that the 
dressing is bactericidal. Thus, there are currently many different hemostatic dress-
ings based on chitosan on the market.
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Chapter 8

Proton Conductivity in Chitin 
System
Takashi Kawabata

Abstract

We have created and researched fuel cells using biomaterials as next-generation 
low-environmental-load energy. As is well known, chitin is a biomass that is dis-
charged in large quantities as a marine product processing waste. We have focused 
on the chitin and have been studying the production of fuel cells and proton 
conductivity using it. It was revealed that chitin can be used as an electrolyte mem-
brane for fuel cells under humidified conditions and becomes a proton conductor. It 
was found that the presence of water molecules is important for the appearance of 
proton conduction in chitin system. This study presents the utility value of chitin in 
new fields and provides insight into the proton conduction mechanism of chitin-
based biomaterials.

Keywords: Chitin, chitosan, fuel cell, proton conductor, electrolyte

1. Introduction

In the olden days of biomaterials, prostheses and medical alternatives have been 
mainly developed. However, there are reports that biomaterials play a wider range 
of roles today and can be used in the field of electronic devices such as sensors. In 
other words, biomaterials are not limited to medical materials, but are becoming 
more valuable than materials such as plastics and metals that we usually use.

We have fabricated fuel cells based on chitin and investigated its proton conduc-
tivity in chitin systems. It is well known that the chitin is superior biomass emitted 
from marine products and is obtained from crabs and shrimp shells. It is also famous 
that chitin has excellent biocompatibility and can be easily decomposed in the 
environment. For a long time, most research on chitin focused on biocompatibility 
and ion adsorption capacity. For example, Malette et al. have studied the curative 
effect of chitosan on the vulnerary [1]. Sandford et al. reported the useful substitu-
ent effect of chitosan to skin [2, 3]. Nair and Madhavan have suggested the method 
for the elimination of Hg in solution using chitosan, and Peniche-covas et al. have 
investigated the efficiency of adsorption of Hg [4, 5]. Recent studies seem to focus 
specifically on biocompatibile medical application and biomass. Romana et al. have 
suggested that chitin-PLA laminated composite becomes a candidate for medical 
applications such as implants [6]. Mohamoud et al. have shown that insects can 
be used as an alternative low-cost chitin source, and bio-convert chitin directly to 
ethanol by using strain of M. circinelloides [7].
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However, there were few reports in the field of energy such as using chitin in 
fuel cells. Biomaterials such as DNA, protein and polysaccharide are abundant 
in nature, and they are disassembled in environment by microbial. Active use of 
biomaterials is expected to have less environmental impact and manufacturing 
costs than chemical processes.

We have revealed that the chitin is proton conductor and available for electrolyte 
of fuel cells (Figure 1) [8]. Moreover, it was found that appearance of proton con-
ductivity in chitin demand water molecules, and the acetyl group plays important 
role in injection water molecule into chitin. These suggestions are basis on relation-
ship between results of impedance measurement and water content measurement 
with humidified condition. In appearance of proton conductivity in chitin, it is 
considered that one more important factor is exist of amino acetyl group. Effects 
of amino acetyl group have been revealed by comparing to proton conductivity in 
chitosan which is basic structure of chitin. Considering proton conduction system 
of chemical polymer Nafion® which is used the most for fuel cell, it is deduced that 
the amino and acetyl group in chitin involves forming hydration supporting proton 
transport. Although, it is found that power density and proton conductivity in 
chitin are lower than the Nafion®.

Therefore, in order to improve proton conductivity, there is room for further 
investigation of the relationship between the appearance of proton conductivity 
in chitin and water molecules. These understandings are expected to present the 
necessary and important factors for applying polysaccharides with little change in 
basic structure to electrolyte membranes.

2. Experimental

2.1 Sample preparation

Chitin films were prepared with the purified chitin of under 5% of deacetylation 
degree, obtained from crab (Sugino Machine Limited). This purified 2%(w/v) 
chitin slurry was well dispersed in distilled water and the chitin sheets were pre-
pared by suction filtration using Teflon membrane filter (ADVANTEC, Co.) [8–10]. 
Figure 2 shows the photograph of the chitin film. The thickness of the film is 
approximately 0.07 mm.

The chitin fiber specimens were prepared by purifying chitin obtained from 
the tendon of crab’s legs. Based on the article of Prosky et al., the purification 

Figure 1. 
Schematic diagram of fuel cell used for demonstration (left) and photograph of turning up LED lamp by chitin 
fuel cell (right).
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method was performed using a group of enzymes including α-amylase and protease 
obtained from Streptomyces griseus (Wako Pure Chemical Industries, Ltd.) [8–10]. 
The oriented chitosan was prepared by oriented chitin to deacetylation treatment 
with 25%(w/v) sodium hydroxide under reflux conditions for 5 hours.

2.2 Fabrication of the fuel cell based on chitin and operating condition

Figure 3 shows the shape of the fuel cell based on the chitin electrolyte. As show 
in Figure 3, the chitin electrolyte was inserted between Pt-C electrodes (anode and 
cathode). The current was collected from the current collector plates. The hydrogen 
and oxygen gases were introduced from the up and down sides of the fuel cell, 
respectively. In the fuel gas flow, the relative humidity, temperature and gas-flow 
ratio were controlled by the humidified gas-flow control system of Auto PEM (Toyo 
Corporation) at room temperature. The H2 gas flow rate and the air flow rate are 
0.1 L/min and 0.25 L/min, respectively [8].

2.3 Impedance and water contents measurements

The water contents were measured from the relative humidity dependence of 
the weight of chitin using the electronic analytical balance (OHAUS Inc.) and the 
number of water molecules per a chitin molecule was calculated from the obtained 
water contents and molecular weights of water and mono-chitin [8]. The water 
content n was calculated using the following equation,

 

( ) /
  

/
w d Mw

n
d Mc
−

=  (1)

This time, w and d show each weight of wet and dry sample. Mw is molecular 
weight of water. Mc is molecular weight of mono-chitin or mono-chitosan.

The measurement of electrical conductivity was carried out using precision LCR 
meter (E4980A, Agilent Technologies Inc.). The relative humidity and temperature 
were con-trolled by the humidified gas-flow control system (Auto PEM). In the 
impedance measurement, the electrical conductivities perpendicular to the surface 
and parallel to the surface in chitin sheet were measured. In the case of chitin fiber 
specimens, impedance measurements were performed for specimens along the fiber 
direction and normal to the fiber direction, respectively [8–10].

Figure 2. 
Photograph of chitin sheet [11].
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3. Result and discussion

3.1 Power density in chitin and chitosan fuel cells

So far, we have revealed that power density in the fuel cell based on chitin or 
chitosan [8]. Figure 4 shows i-V characteristics of the fuel based on the chitin. As 
shown in Figure 4, chitin electrolyte shows typical i-V curve and is also a polysac-
charide material, but it has a high output, an open circuit voltage of 0.76 V and 
a power density of 1.35 mW/cm2. The red dot in Figure 4 shows the i-V charac-
teristics when injecting unhumidified H2 gas, but it can be seen that the current 
obtained is very low. Chitosan did the same test, but its maximum power density 
was 0.032 mW/cm2, which was lower than that of chitin. These results indicate 
that chitin and chitosan become the proton conductor with humidified condition. 
Moreover, it is expected that these differences are due to difference between chitin 
and chitosan, that is, the deacetylation degree of the chitin system.

Figure 4. 
i-V characteristics of fuel cell based on chitin electrolyte. Red and black dots show relation between open circuit 
voltage and current density. Black and red circle show power density.

Figure 3. 
Fuel cell based on the chitin.
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3.2 Proton conductivity in chitin system

Regarding the proton conductivity in chitin and chitosan, which have already 
revealed, these values in sheet specimens show approximately 10−4 ~ 10−1 S/m [1]. 
The proton conductivity of the chitin system sheet increases monotonically with 
increasing humidity, and the value of chitin is tens of times higher, especially when 
the relative humidity is changed from 60% to 100%. In the case of chitosan, its 
value changes approximately 10 times higher. Further, we focused on acetyl group 
in chitin, and have revealed that relationship between proton conductivity in chitin 
system and the deacetylation by using Fourier transform infrared spectrometer 
(FT-IR). Figure 5 shows the FTIR spectrum of chitin used in the experiment [10]. 
It was found that the acetyl group plays important role for appearance of proton 
conductivity in chitin system because the degree of deacetylation gave conductivity 
of anomalous behavior [10].

Furthermore, we have approached the proton conductivity in chitin system by 
using measurement of water contents and comparing chemical component. First, 
we have used sheet and fiber specimen of chitin, and measured the degree of swell-
ing by microscopic observation after immersion experiment in water. As a result, it 
was confirmed that the sheet specimen was isotropically swelled in both the cross 
section and the in-plane, and the fiber specimen was anisotropically swelled by 
approximately 20% in both the fiber cross section and the fiber direction. From the 
above, it was clear that the chitin system introduced water molecules, so we made 
a comparison based on the water content and chemical component. The results 
obtained by these researches indicated that injection of water molecule and exis-
tence of acetyl group for promotion it, that is necessary to appearance of the proton 
conductivity in chitin system. However, it has not been completely understood that 
water molecule how to behave in chitin system yet.

3.3 Percolation conductivity in chitin

In order to clarify the role of water molecules in chitin, we obtained the volume 
fraction of water molecules with respect to chitin molecules from the results of the 
relative humidity dependence of the hydration number, and investigated the rela-
tionship with proton conductivity. Yamada et al. measure the resistance value that 
changes by gradually increasing the volume fraction of the conductor material in 
the non-conductor material [12]. As a result, Yamada et al. report that the resistance 

Figure 5. 
FT-IR spectra of chitin sample [10].
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above, it was clear that the chitin system introduced water molecules, so we made 
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obtained by these researches indicated that injection of water molecule and exis-
tence of acetyl group for promotion it, that is necessary to appearance of the proton 
conductivity in chitin system. However, it has not been completely understood that 
water molecule how to behave in chitin system yet.

3.3 Percolation conductivity in chitin

In order to clarify the role of water molecules in chitin, we obtained the volume 
fraction of water molecules with respect to chitin molecules from the results of the 
relative humidity dependence of the hydration number, and investigated the rela-
tionship with proton conductivity. Yamada et al. measure the resistance value that 
changes by gradually increasing the volume fraction of the conductor material in 
the non-conductor material [12]. As a result, Yamada et al. report that the resistance 

Figure 5. 
FT-IR spectra of chitin sample [10].
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value becomes constant at a volume fraction of about 30%. It is well known that 
the crystal structures of chitin and chitosan have been clarified for a long time 
and many reports have been published [13–19]. Sawada et al. report on the crystal 
structure of β-chitin dihydrate. We have found from water content experiments 
of chitin that each constituent unit has two water molecules, and that the proton 
conductivity is saturated during this dihydrate formation [8, 9]. Moreover, it has 
already confirmed that XRD diffraction pattern of our chitin sample is consistent 
with pattern of general chitin. Based on these results, the volume fraction of water 
molecules contained in the crystal lattice was estimated with reference to the report 
by Sawada et al [14–16]. Figure 6 shows the relationship between the volume frac-
tion of water molecules in chitin hydrate and the proton conductivity. The relation-
ship between the volume fraction and the conductivity of the conductor in the 
non-conductor of Figure 6 is a value calculated from the resistance value reported 
by Yamada et al. As can be seen in Figure 6, water molecules in chitin behave very 
much like conductors in non-conductors. In other words, this result indicates that 
water molecules in chitin function as a proton transport pathway.

3.4 Activation energy and proton pathway

Investigation of proton transport pathways in chitin is important for the 
future development and development of polysaccharide electrolyte membranes. 
So far, it has been shown that chitin has proton conductivity, and it is important 
that the introduction of water molecules behaves like a conductor for the proton 
conductivity. In addition, since the structure of chitin hydrate has been clarified, 
we approached the proton conduction pathway of chitin by measuring impedance 
using an oriented sample. As a result, it was confirmed that chitin and chitosan 
have orientation dependence of proton conductivity [8, 9]. From this result, the 
temperature dependence of the proton conductivity of the chitin system was inves-
tigated. Figure 7 shows the proton conductivity in the chitin fiber direction when 
only the temperature factor is changed while maintaining a constant wet weight. 
As shown in Figure 7, the relationship between the reciprocal of temperature and 
the proton conductivity of chitin shows an Arrhenius-like linear change. This result 
indicates that the proton conductivity of chitin has thermal activity. Table 1 shows 
the activation energy of proton conductivity derived from the Arrhenius equation 

Figure 6. 
Relationship between volume fraction of water molecules and percolation conduction in chitin [11].
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in each fiber direction of chitin and chitosan. Arrhenius equation is represented by 
following equation:

  = − 
 

0exp
E

kT
σ σ ∆   (2)

Here, σ  and 0σ  are proton conductivity and proton conductivity when fre-
quency is 0, k  and T  are boltzmann constant and temperature, E∆  is activa-
tion energy.

As shown in Table 1, the activation energy of chitin-based proton conduction 
changed depending on the fiber direction in the case of chitin, and no change was 
observed in the case of chitosan. In general, a decrease in activation energy indicates 
a decrease in energy required for proton transport, and is therefore expected to 
contribute to the realization of high proton conductivity. Considering this, it is 
considered that the decrease in activation energy of chitin in the vertical direction 
of the fiber is appropriate. However, in the oriented sample, the activation energy of 
chitin in each fiber direction seems to be inconsistent, considering that the proton 
conduction of chitin in the fiber direction is the highest. Since the activation energy 
is not the only element required for proton conduction, the following equation:

 =σ µzne  (3)

Here, z  and n  are ion valence and number of proton transport pathway, e  and 
µ  are charge density and mobility. Since the charge of the proton is +1 and z = 1, 
the charge concentration e is that the amount of water of crystallization is e, 

Figure 7. 
Arrhenius plot of proton conductivity in chitin [11].

Fiber direction (eV) Fiber vertical direction (eV)

Chitin 0.55 0.30

Chitosan 0.57 0.58

Table 1. 
Activation energy of proton conduction in the chitin system.
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assuming that the proton conduction is through the water of crystallization of the 
chitin crystal. Furthermore, from Eq. 3, considering that the mobility μ is related to 
the activation energy, the value of the proton conductivity σ on the left side is 
determined, so that the high proton conductivity in the fiber direction of the 
oriented chitin is determined. It is suggested that it is brought about by the number 
n of proton transport pathways. Taking these things into consideration, we gained 
insight into the relationship between the crystal structure of chitin and chitosan 
hydrates and the proton transport pathway from the hydrogen bond distance.

Figure 8 shows the hydrogen bonds formed in chitin hydrate. In Figure 8, each 
color line shows hydrogen bonds, pink is about 2.6 Å of water-chitin molecule, 
yellow is 2.98 Å, and light blue is between chitin and chitin. Further, broken line 
shows the hydrogen bond formed along the fiber direction of chitin, and the rigid 
line shows the hydrogen bond formed in the direction perpendicular to the fiber. 
As shown in Figure 8, among the hydrogen bonds formed in chitin hydrate, the 
hydrogen bonds between the water molecule and chitin are formed at a distance 
of about 2.6 Å in the fiber vertical direction (a-axis direction). On the other hand, 
hydrogen bonds with a distance of 2.6 Å and 2.98 Å are alternately formed in the 
fiber direction. Figure 9 shows the results in the case of chitosan. This result sug-
gests that the proton transport pathway of chitosan is mediated by the hydrogen 
bond of 3.0 Å, which is the yellow dotted line in Figure 9, which is common in both 
the fiber direction and the fiber vertical direction. From these results, it is consid-
ered that the relationship between the proton conductivity of chitin and chitosan 
and the activation energy is due to the hydrogen bond distance of approximately 
3.0 Å, which is common to both samples, as a bottleneck. It is expected that the 
high proton conductivity generated in the fiber direction of oriented chitin will be 
realized by increasing the number of pathways.

From the above results, the proton conduction of chitin having high proton 
conductivity is expected as shown in Figure 10. Proton conduction in chitin is 
considered to be realized by the Grosus mechanism in consideration of the relation-
ship between the result of percolation conduction and the hydration structure. In 
the proton conduction, the crystal water becomes an oxonium ion by the proton, 
and the proton is passed to the adjacent water molecule by repeating the breaking 
and rearrangement of the hydrogen bond. In addition, as shown in Figure 10, it is 
considered that the high proton conductivity of chitin in the fiber direction was 
caused by the increase in the number of pathways due to the hydrogen bond of the 
bottleneck and the vertical path with low activation energy. On the other hand, 

Figure 8. 
a-b plane of the crystal structure of chitin hydrate [11, 14–16]. White, gray, blue and red balls show hydrogen, 
carbon, nitrogen and oxygen.
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the decrease in the proton conductivity in the vertical direction of the fibers of the 
oriented chitin can pass through the low activation energy pathway in the vertical 
direction, but the bottleneck is difficult to utilize, so that the number of pathways is 
reduced.

3.5 Creation of fuel cells using oriented chitin

The high proton conductivity of chitin appeared in the oriented sample and in 
the fiber direction. From this result, fuel cell using an oriented chitin sample was 
prepared. Figure 11 shows schematic diagram of the fuel cell when oriented chitin 
is used and its i-V characteristics. As shown in Figure 11, the fuel cell using oriented 
chitin showed a much higher power density than the sheet sample, and a maximum 
of 33 mW/cm2 was obtained. In other words, chitin indicates that the output can be 

Figure 9. 
a-c plane of the crystal structure of chitosan hydrate [11, 17–19]. White, gray, blue and red balls show 
hydrogen, carbon, nitrogen and oxygen. Yellow ball shows oxygen derived from water molecule.

Figure 10. 
Schematic diagram of proton transport pathway in chitin [11, 14–16].
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improved by nearly 24 times by using the structure. In the future, it is expected that 
the key to practical use will be the improvement of output by chemical modification 
and the development of technology for producing oriented chitin at low cost.

4. Conclusions

Since chitin functions as an electrolyte membrane for fuel cells, it has been clari-
fied that it is a proton conductor. It was found that the presence of water molecules 
is very important for the appearance of proton conductivity in chitin, and that 
these water molecules behave like conductors in chitin hydrate to conduct protons. 
Furthermore, it was suggested that the orientation dependence of the proton 
conductivity appearing in the oriented chitin is due to the bottleneck caused by the 
different hydrogen bond distances with the water molecules formed in the chitin 
depending on the position. It was also indicated that the high proton conductivity 
of oriented chitin appears by increasing the number of pathways by utilizing the 
bottleneck and the pathway in the fiber vertical direction, which is the low activa-
tion energy pathway. When a fuel cell using the fiber direction of oriented chitin 
having high proton conductivity was prepared, an improvement in proton conduc-
tivity of nearly 24 times was observed. In the future, chitin orientation methods and 
chemical approaches are expected to provide a foothold for more practical polysac-
charide-based electrolyte membranes and to clarify new value in the energy field.
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Figure 11. 
Schematic diagram of fuel cell using oriented chitin (left) and its i-V characteristics (right) [11].
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Polymer Electrolyte
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Abstract

The electrolyte membrane currently being developed is limited to materials 
that are toxic and expensive. Chitosan as a natural organic polymer supports 
modification to produce the desired physical and chemical properties, one of 
which is as solid electrolyte. In the presence of functional groups on chitosan, it 
is possible to modify it with nanosilica as inorganic filler to improve its charac-
teristics. Incorporation of chitosan matrix with of silane-coupled nanosilica in 
nanosilica:silane ratio (w/w) are 1:0; 1:0.25; 1:0.50; 1:1; 1:1.50; and 1:2. Evaluation 
on their properties are both quantitatively (water uptake, tensile strength, proton 
conductivity, methanol permeability, and selectivity) and qualitatively (functional 
groups, morphology, topography, and thermal properties). The results show that 
silane addition to the chitosan-nanosilica membrane in nanosilica:silane as 1:0.50 
achieve the best characteristics for polymer electrolyte. The results of functional 
groups, morphology and topography analysis on selected membranes show that 
optimum silane addition provides the hydrogen interaction between chitosan 
matrix and silane-coupled nanosilica so there is an enhanced in membrane proper-
ties for electrolyte membrane.

Keywords: chitosan matrix modification, polymer electrolyte,  
silane-coupled nanosilica

1. Introduction

People’s dependence on energy from fossil fuels is now getting higher, so energy 
resource supply is day by day decreasing. One of the alternative energy sources that 
is potential to overcome that problem is fuel cell [1]. A fuel cell is an electrochemical 
device that converts chemical energy into electrical energy continuously. The use of 
fuel cells is expected to reduce people’s reliance on fossil fuels and reduce the damage 
to the atmosphere due to emissions [2]. Therefore, fuel cell is a promising alternative 
energy that is environmentally friendly.

The main component of the fuel cell is polymer electrolyte membrane (PEM) 
[2]. Since the role of polymer electrolyte membrane in fuel cell performance is 
very important, the study of technological development of polymer electrolyte 
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membrane is needed [3]. Currently, the electrolyte membrane that most widely 
used in industry is Nafion 117 membrane or Perfluoro sulfonic acid [1]. As a poly-
mer electrolyte membrane in Direct Methanol Fuel Cell (DMFC), the Nafion 117 
membrane has very good ability to deliver proton with good chemical stability, 
but it has a weakness of methanol cross over which is signed by the high methanol 
permeability and low operating temperature (60–120°C) [1]. Another drawback 
is its poisonous nature due to the elemental fluorine content and its high price. 
Therefore, several studies have been conducted to obtain membranes that envi-
ronmentally friendly and have better capabilities than Nafion 117 membrane at an 
economical cost [4].

Chitosan is one alternative polymer matrix that is potential for replacing the 
Nafion 117 membrane. Chitosan is an environmentally friendly biopolymer, 
produced by utilizing marine waste such as shrimp, crabs, lobsters, and fish shells. 
Chitosan is easily generated through deacetylation process of chitin by strong alkali 
or prepared from fungal cell walls via fermentation technology [5]. Chitosan is 
inexpensive, hydrophilic, has a functional group in the backbone that can be modi-
fied according to the desired characteristics and has low methanol permeability [6]. 
Chitosan has a free amine group that can be protonated and has a hydroxy group, 
so it can be categorized as natural polycation. These two groups make it possible 
to modify chitosan to produce the desired physical and chemical properties [7]. 
However, according to [8], chitosan membrane still has low proton conductivity 
that is 1.74 × 10−2 S/cm, so this value is lower than the proton conductivity of Nafion 
117 membrane that is 5.66 × 10−2 S/cm.

To improve the performance of chitosan-based membrane matrix, some 
efforts have been done to modify chitosan by combining with other such as silica 
based materials [8, 9]. Silica based materials are chosen for several reasons. They 
can reduce hydrophilicity degree of the chitosan main chain that is hydrophilic 
due to the presence of free amino acid groups and hydroxides on its carbon atom 
[9]. Silica materials can absorb methanol on the surface of chitosan membrane 
so that most of the methanol does not pass through the membrane. The addition 
of inorganic additives such as zeolites and montmorillonites which able to act 
as molecular filters will provide tetrahedral silica that can cover the pores in the 
membrane so that the transfer of methanol through the membrane is very small 
[8, 10]. It is reported that silica addition into the polymer matrix can reduce 
crystallinity of the polymer and increase mechanical strengths such as water resis-
tance, stretch strength, and tensile strength [11]. The ability of silica to combine 
with chitosan is very limited because of the different hydrophilicity properties of 
the two materials. Therefore, silica in the form of nanoparticles was developed to 
create strong composites.

Tetraethylorthosilicate (TEOS) or Si(OC2H5)4 is a source of silica materials 
which is widely used because it is easy to do purification, the reaction rate is slow 
and it can be controlled [12]. TEOS is even easily converted into nanosilica particles 
by reacting with water. The hydrolysis reaction occurs in the sol–gel process. TEOS 
is commonly used as a crosslinking agent in inorganic polymers synthesis because 
of its ability to form Si-O-Si chains. The sol–gel method has been extensively 
developed in the surface modification of silica particles because it will form a more 
reactive silica precursor with the formation of Si-OH groups [13]. The weakness 
is that silica is insoluble in chitosan solution, so the dope solution formed from 
nanosilica and chitosan is not homogeneous [14] because physical mixing causes 
nanosilica dispersion in the chitosan matrix to be less homogeneous and weak 
interface interactions of the two material surfaces.

To improve the compatibility of silica particles and chitosan, it is needed 
a coupling agent [15]. The addition of 10% of GPTMS (3-glycidyloxypropyl 
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trimethoxysilane) on chitosan/zeolite-β membrane produces methanol perme-
ability of 2.20 × 10−7 cm2/s and proton conductivity of 1.31 × 10−2 S/cm [8]. The 
electrolyte membrane investigation of SPAEK-C with 10% GPTMS addition 
produces proton conductivity of (1.5 ± 0.1) × 10−2 S/cm and methanol permeability 
of 2.99 × 10−7 cm2/s [12, 16].

Therefore, in this study, the addition of silane (GPTMS) is done as a coupling 
agent on the chitosan-nanosilica membrane. This coupling agent is selected because 
it has epoxy groups that can react with a free amine group in chitosan, so nanosilica 
can also be bounded strongly with chitosan (12, 15). Nanosilica is chosen because of 
its small size and wide surface so that making it possible to penetrate the polymer 
matrix easily.

The use of GPTMS as a coupling agent and nanosilica particles (from TEOS) 
as fillers in the chitosan matrix for polymer electrolyte membrane makes this 
study different from previous studies. The use of GPTMS as a coupling agent 
on nanosilica particles was carried out by [17]. Silica precursors used were silica 
fume and the investigation carried out was nanosilica variations on chitosan and 
did not investigate silane variation effect on membranes. The membranes pro-
duced for biopolymer applications which have high thermal resistance. Chitosan 
modified with silica (TEOS) and GPTMS has been coated on a cotton fabrics in 
[18] results clear transparent thin layer on cotton surface. While [19] has com-
bined chitosan with silica and GPTMS for tissue engineering application. For 
dehydration of ethanol application, chitosan-silica study has been performed by 
[20, 21]. For fuel cell application, chitosan have been combined with silica-based 
material [5, 8, 10, 22, 23]. The result of [5, 10] used GPTMS-montmorillonite as 
filler in chitosan membrane, while research [8] used GPTMS-modified zeolite, 
[22] used sulfonated polyaniline/ silica and [23] used silica/ sulfonated poly-
ether-ether ketone as filler in chitosan.

2. Experiments and characterization

2.1 Materials

The materials are tetraethyl orthosilicate (TEOS 99%, ρ = 0.94 L/kg Merck), 
absolute ethanol (C2H5OH 99–100%, ρ = 0.79 L/kg Merck), ammonia (NH3 25%, 
ρ = 0.90 L/kg Merck), aqua demineralization, chitosan from CV Ocean Fresh 
Bandung (deacetylation degree = 82.7%, solubility in 1% acetic acid ≥99%, molecu-
lar weight = 8.78 kDa), acetic acid (CH3COOH 100%, ρ = 1.05 L/kg Merck), metha-
nol (CH3OH 99.9%, ρ = 0.79 L/kg Merck), dimethyl formamide (DMF HCON(CH3)2 
99.80%, ρ = 0.94 L/kg Merck) and silane (3-glycidyloxypropyl trimethoxysilane) 
(GPTMS C9H20O5Si ≥ 98%, ρ = 1.07 L/kg Sigma-Aldrich).

2.2 Nanosilica preparation

Nanosilica synthesis from TEOS by sol–gel method was adopted from [8]. A 
total of 2.27 mL of TEOS was dissolved in 46 mL absolute ethanol at a speed of 
600 rpm at room temperature for 15 minutes. Then ammonia was added dropwise 
until pH 10. After 1 hour, 1 mL distilled water was then added dropwise into the 
solution. The stirring process was continued for 6 hours. Then the solution was 
allowed to stand for 24 hours during the aging process. After the aging process, the 
obtained gel was then roasted at a temperature of 80°C for 24 hours. The crystals 
were crushed into powder in further calcined for 2 hours at the temperature of 
600°C. The resulting crystals were sieved at 230 mesh.
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2.3 Silane-coupled nanosilica preparation

The coupling process of nanosilica and silane was done by developing [12] 
method. A total of 0.03 grams of nanosilica and 0.0075 grams of 3-glycidoxypropyl 
trimethoxy silane (GPTMS) (nanosilica:silane = 1:0.25) were dissolved in 0.3 mL 
dimethylformamide (DMF) at room temperature, then stirred using magnetic stir-
rer for 6 hours. Then the homogeneous solution was put into a beaker and heated 
in an oven at 60° C for 24 hours. After that, it was heated at 100° C for 1 hour and 
at 120° C for 2 hours. Drying was carried out at 155° C for 2 hours. The obtained 
solids were soaked with 1 M HCl solution at 80° C for 24 hours until hydrolysis and 
condensation occur in the solution. The resulting solids were crushed and sieved 
with 230 mesh sieves. The final produced powder is nanosilica filler that had been 
modified with silane coupling agent. Furthermore, the coupling process was also 
carried out at the ratio of nanosilica: silane = 1:0; 1:0.50; 1:1.0; 1:1.5 and 1:2.0.

2.4 Membrane synthesis by modifying chitosan with silane-coupled nanosilica

The chitosan membrane synthesis with silane-coupled nanosilica addition by 
developing [8, 24] method. First, a total of silane-coupled nanosilica (w:w) with 
nanosilica:silane respectively 1:0; 1:0.25; 1:0.50; 1:1.0; 1:1.5 and 1:2.0 was dis-
solved in each 50 mL of 2% acetic acid and was stirred at a temperature of 60°C for 
7 hours. Secondly, as many as 1 g of chitosan was dissolved in 50 mL of 2% acetic 
acid at room temperature for 4 hours. Then the first solution and second solution 
were mixed and stirred for 4 hours at the temperature of 60°C. The homogeneous 
solution formed is called dope solution that was then poured in the acrylic mold 
of 20 x 20 cm and was dried in an oven at the temperature of 60°C for 21 hours 
that produced dry membrane. The process of membrane formation used the phase 
inversion method.

2.5 Membrane characterization

The characterization of chitosan-nanosilica membrane with silane addition was 
performed by water uptake measurement, membrane tensile strength analysis (by 
tensile test equipment Strograph VG 10-E Toyoseiki), methanol permeability (by 
diffusion cell method), proton conductivity analysis (by EIS or Electrochemical 
Impedance Spectroscopy Autolab PG STAT 128 N Instrument) [2], membrane 
selectivity determination, functional group analysis (by FT-IR PRESTIGE-21 
Shimadzu), membrane morphology analysis (by SEM FEI Inspect S50), membrane 
topography analysis (by AFM Bruker N8 Neos 5.5 IF367), and thermal degradation 
analysis (by TGA Mettler Star SW 10.00).

Water uptake is the ability of a membrane to absorb water for 24 hours, so it is 
performed by weighing the mass of absorbed water (w2) and comparing it with the 
mass of membrane (w1) in a percentage format as expressed in Eq. (1) adopted from 
[10, 25–27]. In determining the water uptake, demineralized water which is free of 
metal ions is used.

 −
= ×2 1

1

w wWater uptake 100%
w

  (1)

The mechanical strength test is generally measured by tensile strength test, 
in which material sample of a certain size is exerted with force and pulled until 
it breaks. Eq. (2) until Eq. (4) express the equation for determining tensile 
strength, elongation break and modulus young adopted from [10, 28]. Tensile 
strength test performed according to ASTM D882 at room temperature at a 
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constant cross head speed of 10 mm min−1 and 100 N load cells. The samples 
were dumbbell-shaped with gauge dimensions of 15 mm × 3 mm × 0.22 mm. 
Eq. (2) until Eq. (4) describe that σ is tensile strength, ε is elongation break, E is 
modulus young, P is the force applied to the specimen, A is the specimen cross-
sectional area (cm2), ΔL is the length increase (cm) and L0 is the initial length of 
the specimen (cm).

 P
A

σ =  (2)

 L
L

ε ∆
=

0

 (3)

 E σ
ε

=  (4)

Proton conductivity measured by Electrochemical Impedance Spectroscopy as 
Eq. (5) adopted from [5, 25–27]. Where σ is the proton conductivity (S cm−1), d 
is the membrane thickness (cm), Rb is the bulk resistance value (Ω) and A is the 
membrane area in the sample (cm2) [2].

 
b

d
R A

σ =
×
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Methanol permeability of the membrane is measured by counting the methanol 
concentration passing the membrane for the diffusion of methanol in progress [16, 
26]. The methanol permeability test is carried out using a permeation measurement 
cell that has two identical compartments. Compartment A is filled with methanol 
solution in deionized water, and compartment B is filled with deionized water. The 
principle used cell diffusion between the two compartments. The solution in both 
compartments is stirred until it is homogeneous so that the diffusion process runs 
well [14]. Methanol permeability was calculated from the methanol concentration 
versus permeation time curve. The methanol concentration in compartment B (CB) 
is obtained from the Eq. (6) adopted from [25, 27].

 ( )B A
A DKC C t t
V L

= − 0  (6)

Where CA is the methanol concentration in compartment A, A and L are the 
polymer membrane area and thickness, D and K are the methanol diffusivity and 
the partition coefficient between the membrane and solution, V is solution volume 
in compartment B and t is permeation time. The result of DK or P is the methanol 
permeability of membrane (DK = P), and t0 is also called the time lag associated 
with diffusivity, t0 = L2 / 6D [29].

Membrane selectivity is comparison between proton conductivity and methanol 
permeability [8] expressed in Eq. (7). Where β is membrane selectivity, σ is proton 
conductivity, and P is methanol permeability.

 
P
σβ =  (7)

The chitosan membrane to be analyzed for its functional groups by FT-IR 
PRESTIGE-21 Shimadzu was taken as much as 0.1–0.2 g. In addition, KBr powder 
of 0.5–1.0 g was also prepared. The two solids were mixed and grinded until 
smooth, then the mixture powder was made into pellets with a hydraulic press and 
the measurement analysis was carried out with a wavelength between 4000 and 
400 cm−1 [30, 31].
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The mechanical strength test is generally measured by tensile strength test, 
in which material sample of a certain size is exerted with force and pulled until 
it breaks. Eq. (2) until Eq. (4) express the equation for determining tensile 
strength, elongation break and modulus young adopted from [10, 28]. Tensile 
strength test performed according to ASTM D882 at room temperature at a 
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constant cross head speed of 10 mm min−1 and 100 N load cells. The samples 
were dumbbell-shaped with gauge dimensions of 15 mm × 3 mm × 0.22 mm. 
Eq. (2) until Eq. (4) describe that σ is tensile strength, ε is elongation break, E is 
modulus young, P is the force applied to the specimen, A is the specimen cross-
sectional area (cm2), ΔL is the length increase (cm) and L0 is the initial length of 
the specimen (cm).
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Proton conductivity measured by Electrochemical Impedance Spectroscopy as 
Eq. (5) adopted from [5, 25–27]. Where σ is the proton conductivity (S cm−1), d 
is the membrane thickness (cm), Rb is the bulk resistance value (Ω) and A is the 
membrane area in the sample (cm2) [2].
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Methanol permeability of the membrane is measured by counting the methanol 
concentration passing the membrane for the diffusion of methanol in progress [16, 
26]. The methanol permeability test is carried out using a permeation measurement 
cell that has two identical compartments. Compartment A is filled with methanol 
solution in deionized water, and compartment B is filled with deionized water. The 
principle used cell diffusion between the two compartments. The solution in both 
compartments is stirred until it is homogeneous so that the diffusion process runs 
well [14]. Methanol permeability was calculated from the methanol concentration 
versus permeation time curve. The methanol concentration in compartment B (CB) 
is obtained from the Eq. (6) adopted from [25, 27].

 ( )B A
A DKC C t t
V L

= − 0  (6)

Where CA is the methanol concentration in compartment A, A and L are the 
polymer membrane area and thickness, D and K are the methanol diffusivity and 
the partition coefficient between the membrane and solution, V is solution volume 
in compartment B and t is permeation time. The result of DK or P is the methanol 
permeability of membrane (DK = P), and t0 is also called the time lag associated 
with diffusivity, t0 = L2 / 6D [29].

Membrane selectivity is comparison between proton conductivity and methanol 
permeability [8] expressed in Eq. (7). Where β is membrane selectivity, σ is proton 
conductivity, and P is methanol permeability.

 
P
σβ =  (7)

The chitosan membrane to be analyzed for its functional groups by FT-IR 
PRESTIGE-21 Shimadzu was taken as much as 0.1–0.2 g. In addition, KBr powder 
of 0.5–1.0 g was also prepared. The two solids were mixed and grinded until 
smooth, then the mixture powder was made into pellets with a hydraulic press and 
the measurement analysis was carried out with a wavelength between 4000 and 
400 cm−1 [30, 31].
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The membrane surface morphology was observed using SEM FEI Inspect S50. 
The membrane (1x1 cm2) was firstly coated using gold so that it could be detected 
by the device.

Membrane topography was observed in three dimensions and two dimensions 
using AFM Bruker N8 Neos 5.5 IF367. The membrane was taken several parts then 
put on the tip and detected by the device at certain distance.

Thermal stability analysis using TGA Mettler Star SW 10.00 was carried out on 
the selected membrane specimens that had the best and worst properties therefore 
it represented all variations. Thermal stability analysis data was recorded in nitro-
gen atmosphere at every 10°C/minute heating rate at 30–500°C temperatures.

3. Results and discussions

3.1  Synthesis of silane-coupled Nanosilica and its incorporation into chitosan 
matrix

Figure 1 illustrates the interaction model between chitosan, nanosilica, and 
silane in membranes. At the final stage of silylation process that is epoxy groups 
deformation (ring-opening) on silane organofunctional group end chain, silane 
form two hydroxyl groups (–OH) which interacts with the amine group (–NH2) and 
and hydroxyl groups (-OH) in chitosan to form hydrogen bonds that could form a 
good interface interaction of chitosan and silane-coupled nanosilica network. Thus 
forming groups Si–OH via hydrogen bonds [5, 10] and siloxane groups (Si–O–Si) 
via oxane bonds [32].

3.2  The results characterization of chitosan membrane modified with  
silane-coupled nanosilica

3.2.1 Water uptake of chitosan-nanosilica membrane with silane addition

The water uptake determines how much water is absorbed by the membrane, 
so the PEM membrane must be able to hold water because the proton will be 
transported along the water channel created in the membrane polymer matrix. 
Thus, the high water uptake is favorable for PEM high-performance to facilitate 
great numbers of protons hopping and diffusion through the membrane [5, 14]. 
Figure 2 shows all chitosan-nanosilica membranes with silane addition in this 
research potentially can be used as a DMFC membrane because it has water uptake 
value <50% as mentioned by [33]. The water on the membrane serves as proton 
transport medium and needed as the mobile phase to facilitate proton conductivity 
but if is it too high it will damage the membrane easily and lower their mechanical 
properties [33]. In Figure 2, it appears that silane addition to nanosilica has an 
impact on water uptake, which is an increase in water uptake on nanosilica:silane 
variations of 1:0, 1:0.25 to 1:0.5, but decrease on nanosilica:silane variations of 
1:1 to 1:2. The most optimum membrane is variation nanosilica:silane 1:0.50 
with water uptake is 37.52%, while chitosan-nanosilica membrane without silane 
reaches 32.16% water uptake.

The addition of silane to nanosilica increases the active Si-OH groups as shown 
in Figure 1 (silane-coupled nanosilica) which will cause increased water absorp-
tion of the membrane. The addition of more silane that is silane 1:1 to 1:2 addition 
causes excess silane to interact with silica. Silane itself is hydrophobic so that if it is 
added to hydrophobic nanosilica [23] it will increase water absorption to chitosan 
membrane. This fact is following the results of the [14] study that pure chitosan 
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membrane has 40.66% water uptake and increases along with nanosilica increase 
addition and water uptake increase along with silane addition in line with the 
results of [12] study. Nafion 117 has 18,3% in water uptake [12], so the water uptake 
membranes produced in this study have bigger than Nafion 117.

3.2.2 Mechanical properties of chitosan-nanosilica membrane with silane addition

Figure 3 explains the relations between silane addition in chitosan-nanosilica 
membrane and their mechanical properties, that is tensile strength, break and elas-
ticity (modulus young) elongation. The tensile strength value of nanosilica:silane 
variations of 1:0 to 1:0.5 increases with the increasing silane composition that is 
4.7, 5.1, 11.8 MPa respectively. It shows that the coupling agent presence causes 
strong interaction through hydrogen bonding between chitosan and nanosilica so 
that the tensile strength of the resulting membrane also increases. However, there 

Figure 1. 
Illustration of nanosilica-silane and chitosan interaction in membrane.

Figure 2. 
The relationship between water swelling value (%) and nanosilica:silane composition (w:w).
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is a decrease in the silane variation of 1:1 to 1:2 (excess) that is 8.7, 5.4, and 4.1 MPa 
respectively. This happens because excess silane causes an imbalance in the interac-
tion between silane and nanosilica. The effect of silane addition to nanosilica gives 
various levels of elongation at break on the membrane that are 6.07, 13.67, 6.1, 4.1, 
7.88, and 2.18% respectively. Membrane elasticity is determined by the magnitude 
of modulus young. The fact is that silane addition can increase modulus young value 
of nanosilica:silane variation membrane 1:0.25 to 1:1, and decrease significantly in 
1:1.5, then increase again in silane addition variation 1:2.

A membrane is said to be good and has the best mechanical performance seen 
from the high tensile strength values and low elongation at break values [22, 34], so 
modulus young values which expected is high. In this research chitosan-nanosilica 
membrane with nanosilica:silane is 1:0.5 reach optimum mechanical properties. 
Silane addition to nanosilica increases physical interaction between nanosilica and 
chitosan. Hydrogen bonds formed between hydroxyl groups in polysiloxane with 
amine and ether groups in chitosan as described in Figure 1. Strong interaction 
between nanosilica and chitosan causes high physical and mechanical strength 
including tensile strength, elongation and modulus young.

3.2.3  Proton conductivity, methanol permeability, and selectivity of  
chitosan-nanosilica membrane with silane addition

Proton conductivity of chitosan-nanosilica silane addition membrane can be 
seen in Figure 4(a). The membrane proton conductivity is measured by using EIS 
to determine impedance of the membrane. Figure 4(a) explains that the proton 
conductivity increases in line with silane addition to a certain point then decreases. 
Chitosan-nanosilica with the addition of silane membrane nanosilica:silane varia-
tion 1:0.50 has the highest proton conductivity value than another variation of 
silane addition. It shows that silane composition addition is optimal for interact-
ing with amine group on the chitosan matrix and form a polysiloxane network 
on nanosilica addition of silane. Excess silane addition (>50%) on the variation 
nanosilica:silane 1:1, 1:1.50 and 1:2 can cause proton conductivity value become low. 
This is because the hydrogen bonding that occurs between the silane with chitosan 
matrix and polysiloxane network is already saturated, so the ability to transport 
proton facilitate is less than optimal. Figure 4(a) shows the highest proton con-
ductivity values obtained at chitosan-nanosilica addition of silane membrane 
variations nanosilica:silane 1:0.50 is 7.89 x 10−4 S/cm. This fact is consistent with 
the previous fact obtained in the water uptake test. The membrane with the highest 

Figure 3. 
The relationship of silane addition in chitosan-nanosilica membrane to their mechanical properties.
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water uptake has the highest proton conductivity as well. This is true as water in 
a proton exchange medium, so the higher the water uptake the higher the proton 
conductivity.

The proton conductivity value obtained by chitosan-nanosilica membrane by 
silane addition of nanosilica:silane 1:0.5 is 7.89 x 10−4 S/cm. This value is smaller 
than the Nafion 117 proton conductivity membrane which is 5.66 x 10−2 S/cm 
[8]. According to [35], this is related to the Nafion 117 structure. There are many 
Fluor atoms (F) which have large electronegativity value so that Nafion 117 can 
be more easily forming hydrogen bonds with water, so it is more easily to absorb 
water that is needed as a proton transport medium, so the conductivity of the 
Nafion 117 proton is greater. Although the proton conductivity value of chitosan-
nanosilica membrane of nanosilica:silane = 1:0.5 in the study is smaller than 
Nafion 117, but this membrane can still be used as PEM for applications in DMFC. 
The membrane can still deliver protons even though they are slow. The proton 
conductivity value obtained is above the minimum requirement, which is must be 
bigger than 1 × 10−5 S/cm [35].

Figure 4(b) shows that membrane methanol permeability is affected by silane 
addition. Methanol permeability occurs due to methanol transport in aggregate 
pores that is further dependent on the pores volume in the membrane. There are 
two types of pore in the polymer membrane: network pores or ionic clusters and 
aggregate pores. Proton transport occurs through two types of pore, while the mass 
transport (methanol, water, and gas) occurs only through the porous aggregate 
[36]. Network pores is a small cavity between the polymer chains that is respon-
sible for proton conduction. Aggregate pores are large cavities that cover polymer 
aggregates which cause mass transport (methanol) [37].

Figure 4. 
The relationship of silane addition in chitosan-nanosilica membrane to their (a) proton conductivity, (b) methanol 
permeability, (c) membrane selectivity.
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The decrease in methanol membrane permeability as shown in Figure 4(b) 
from the composition of nanosilica:silane 1:0 to 1:1 is caused by properties adhe-
sion and interface interaction (hydrogen bonds) of chitosan-nanosilica with the 
silane addition is stronger [15] than chitosan-nanosilica membranes without silane 
addition (1:0). According to [29], the decrease in hydrophilicity in this case is due to 
the silane nature which is able to balance the hydrophilic and hydrophobic nature of 
an organic or inorganic material. The addition of nanosilica which has been carried 
out by silane can close pores on the chitosan membrane through strong interactions 
between amines in chitosan with polysiloxane in nanosilica so that most of the 
methanol does not pass through the membrane.

Chitosan-nanosilica membrane with silane addition in nanosilica:silane 
variation 1:1.5 and 1:2 there is an increase in methanol permeability value 
that is 5.8887 × 10−7 cm2/s and 5.9341 × 10−7 cm2/s respectively. This is due to 
the composition of silane addition cannot interact perfectly with chitosan 
matrix so the adhesion force decreases and the chitosan matrix interaction 
with silane nanosilica addition is weak. The highest methanol permeability 
value was obtained on the chitosan-nanosilica membrane without silane is 
equal to 6.5229 × 10−7 cm2/s. The addition of silane chitosan nanosilica mem-
brane that has good performance in methanol permeability value followed by 
high proton conductivity value is the chitosan-nanosilica membrane addition 
of nanosilica:silane 1:0.5 variation which is 5.8434 × 10−7 cm2/s. This is also 
supported by the proton conductivity value obtained by 7.8988 × 10−4 S/cm. 
Chitosan-nanosilica membrane with silane addition nanosilica variation: silane 
1:0.5 has the lowest methanol permeability value when compared to Nafion 117 
membrane that is 1.01 × 10−6 S/cm [16]. For DMFC applications, it is expected 
that membranes with small methanol permeability. Small permeability prevents 
leaks and avoids methanol cross over.

Figure 4(c) explains that the highest membrane selectivity is obtained on the 
chitosan-nanosilica membrane with silane addition in nanosilica:silane variation 
1:0.5. Membrane selectivity is a parameter that connects proton conductivity 
with methanol permeability. For DMFC applications, the desired membrane 
is a membrane with high conductivity and low methanol permeability, so the 
determination of membrane selectivity uses Eq. (7) [8]. Through this membrane 
selectivity determination, the facts show that the chitosan-nanosilica membrane 
with 1:0.5 silane addition is the membrane with the best performance as PEM for 
DMFC applications. Membrane selectivity aims to evaluate membrane performance 
capability based on high proton conductivity values and low methanol perme-
ability values. The membrane selectivity is influenced by modulus young value as 
mechanical properties of the membrane. It can be explained that the higher mem-
brane selectivity, the higher modulus young so that the membrane physical proper-
ties are in harmony with the membrane chemical properties as polymer electrolyte 
membrane (PEM). The results of membrane synthesis in this study are supported 
by high modulus young values, high proton conductivity values and low methanol 
permeability.

When compared to Nafion 117, chitosan-nanosilica membrane with silane 
addition in nanosilica:silane variation 1:0.5 has lower membrane selectivity value. 
It shows that chitosan-nanosilica membrane with silane nanosilica variation: silane 
1:0.5 addition has the ability under Nafion 117, but this membrane can still be used 
as PEM for DMFC applications, it means that the membrane can deliver protons 
even though it runs slowly but it can reduce the entry of methanol fuel through 
the membrane supported by methanol permeability obtained that is smaller than 
Nafion 117 membrane.
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3.2.4  Functional groups analysis of chitosan-nanosilica membrane with silane 
addition

Figure 5 shows FT-IR spectra of nanosilica and chitosan-nanosilica membrane 
with silane addition. The FT-IR spectrum of chitosan on the membrane is char-
acterized by the presence of ─CN groups (amide groups) in all variations of the 
chitosan-nanosilica membrane with the addition of silane at the wavenumbers 
1627.92 cm−1 and 1635.64 cm−1 [38]. The wavenumbers shift in the FTIR spectrum 
of chitosan indicates an interaction between the amide group in the chitosan matrix 
and the polysiloxane network in the nanosilica addition of silane through hydrogen 
bonds. The absorption around the wave number 1060–1084 cm−1 indicates the ─CO 
group (ketone group) [38]. The ─CO group (ketone group) which is a characteristic 
of the polysaccharide appears at the wave number 1080.14 cm−1. The -CH bonds in 
-NHCOCH3 appear at wave numbers 2854.65 cm−1 and 1404.18 cm−1 [39, 40]. This 
absorption in assigned to the –+N–H bonds, indicating that the chitosan could be 
interacting with another groups by coulombic forces [40].

In FT-IR spectrum of nanoslilca in Figure 5, the main functional group 
analysis results is the emergence of Si–O–Si groups on nanosilica and chitosan-
nanosilica membrane with silane addition. Absorption around wave numbers 
1100–1200 cm−1 and 460–480 cm−1 indicates the presence of the Si–O–Si group 
(siloxane group) [39]. This absorption band (Si-O-Si groups) did not appear in 
the chitosan membrane spectra but appear in chitosan-nanosilica membrane. 
This sharp increase in absorption band intensity indicates the presence of stretch-
ing vibrations of Si–O–Si (siloxane group) which is getting stronger. According 
to [24], it indicates that some of the siloxane groups (Si–O–Si) of polysiloxane 
network in silane addition and nanosilica have interacted strongly with chitosan 
matrix. Absorption band at wave number 894.97 cm−1 indicates the presence of 
the Si–OH groups (silanol groups) [38]. The Si–OH groups (silanol groups) show 
hydrogen bonds existence between silanol groups in nanosilica-silane with amide 
groups in the chitosan matrix. It is also seen in Figure 5 that there are absorption 
bands around wave number 3400–3500 cm−1 which indicate the –OH (hydroxyl) 

Figure 5. 
FT-IR spectra of chitosan-nanosilica membranes with variation of silane addition. (a) Chitosan; (b)Nanosilica; 
(c) chitosan membrane with nanosilica:silane = 1:0; (d) 1:0,25; (e) 1:0,05; (f) 1:1; (g) 1:1,5; (h) 1:2.



Chitin and Chitosan - Physicochemical Properties and Industrial Applications

188

The decrease in methanol membrane permeability as shown in Figure 4(b) 
from the composition of nanosilica:silane 1:0 to 1:1 is caused by properties adhe-
sion and interface interaction (hydrogen bonds) of chitosan-nanosilica with the 
silane addition is stronger [15] than chitosan-nanosilica membranes without silane 
addition (1:0). According to [29], the decrease in hydrophilicity in this case is due to 
the silane nature which is able to balance the hydrophilic and hydrophobic nature of 
an organic or inorganic material. The addition of nanosilica which has been carried 
out by silane can close pores on the chitosan membrane through strong interactions 
between amines in chitosan with polysiloxane in nanosilica so that most of the 
methanol does not pass through the membrane.

Chitosan-nanosilica membrane with silane addition in nanosilica:silane 
variation 1:1.5 and 1:2 there is an increase in methanol permeability value 
that is 5.8887 × 10−7 cm2/s and 5.9341 × 10−7 cm2/s respectively. This is due to 
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3.2.4  Functional groups analysis of chitosan-nanosilica membrane with silane 
addition

Figure 5 shows FT-IR spectra of nanosilica and chitosan-nanosilica membrane 
with silane addition. The FT-IR spectrum of chitosan on the membrane is char-
acterized by the presence of ─CN groups (amide groups) in all variations of the 
chitosan-nanosilica membrane with the addition of silane at the wavenumbers 
1627.92 cm−1 and 1635.64 cm−1 [38]. The wavenumbers shift in the FTIR spectrum 
of chitosan indicates an interaction between the amide group in the chitosan matrix 
and the polysiloxane network in the nanosilica addition of silane through hydrogen 
bonds. The absorption around the wave number 1060–1084 cm−1 indicates the ─CO 
group (ketone group) [38]. The ─CO group (ketone group) which is a characteristic 
of the polysaccharide appears at the wave number 1080.14 cm−1. The -CH bonds in 
-NHCOCH3 appear at wave numbers 2854.65 cm−1 and 1404.18 cm−1 [39, 40]. This 
absorption in assigned to the –+N–H bonds, indicating that the chitosan could be 
interacting with another groups by coulombic forces [40].

In FT-IR spectrum of nanoslilca in Figure 5, the main functional group 
analysis results is the emergence of Si–O–Si groups on nanosilica and chitosan-
nanosilica membrane with silane addition. Absorption around wave numbers 
1100–1200 cm−1 and 460–480 cm−1 indicates the presence of the Si–O–Si group 
(siloxane group) [39]. This absorption band (Si-O-Si groups) did not appear in 
the chitosan membrane spectra but appear in chitosan-nanosilica membrane. 
This sharp increase in absorption band intensity indicates the presence of stretch-
ing vibrations of Si–O–Si (siloxane group) which is getting stronger. According 
to [24], it indicates that some of the siloxane groups (Si–O–Si) of polysiloxane 
network in silane addition and nanosilica have interacted strongly with chitosan 
matrix. Absorption band at wave number 894.97 cm−1 indicates the presence of 
the Si–OH groups (silanol groups) [38]. The Si–OH groups (silanol groups) show 
hydrogen bonds existence between silanol groups in nanosilica-silane with amide 
groups in the chitosan matrix. It is also seen in Figure 5 that there are absorption 
bands around wave number 3400–3500 cm−1 which indicate the –OH (hydroxyl) 

Figure 5. 
FT-IR spectra of chitosan-nanosilica membranes with variation of silane addition. (a) Chitosan; (b)Nanosilica; 
(c) chitosan membrane with nanosilica:silane = 1:0; (d) 1:0,25; (e) 1:0,05; (f) 1:1; (g) 1:1,5; (h) 1:2.
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groups presence. A sharp intensity increase occurs in the vibration stretching –OH 
(hydroxyl group). According to [39], it indicates that some hydroxyl groups (–OH) 
on the chitosan matrix have interacted strongly with the polysiloxane network in 
nanosilica-silane through hydrogen bonds. Another important absorption band 
is at 1644–1637 cm−1 which indicates the bending vibration H-O-H indicates the 
vibration of water molecules bound to the inorganic framework.

Variation of nanosilica:silane membrane at 1:0.50 is the best membrane that 
has the highest value of membrane selectivity and has the best mechanical proper-
ties. FT-IR spectra of the chitosan-nanosilica membrane with silane addition in 
nanosilica:silane membrane at 1:0.50 as in Figure 5 shows that absorption band at 
wavenumber 3448.72 cm−1 is stretching vibration absorption –OH groups more 
sharply when compared with other variation. It shows that the hydrogen bonds 
between the chitosan matrixes with this silane addition on nanosilica more easily 
formed than the nanosilica without silane addition. The amine group on the chito-
san is easier to form hydrogen bonds with epoxy groups on the silane. Besides, there 
are new absorption wavenumbers around 900–912 cm−1 which indicate the presence 
of epoxy groups (-C2H3O) in silane [15, 21], and from 2900 to 2960 cm−1 indicating 
–CH2 groups of silane compound [4] in. It can be seen in Figure 8 that absorption 
at wavenumber 902.69 cm−1 indicates epoxy groups presence of organofunctional 
group silane compound and absorption at wavenumber 2924.09 cm−1 that indicates 
the stretching vibration –CH2 groups. Absorption at wavenumber 2924.09 cm−1 
is absorption of the bridge group –CH2 alkyl silane compound and it is not from 
chitosan.

3.2.5 Morphology analysis of chitosan-nanosilica membrane with silane addition

Figure 6 shows membrane morphology of chitosan, chitosan-nanosilica 
without silane addition (variation 1:0) and chitosan-nanosilica with silane 
addition. Figure 6(a) shows a homogenous surface of chitosan membrane, while 
in Figure 6(b-d) show heterogeneous surface of chitosan matrix containing 
nanosilica particles. Besides, there is fairly large agglomeration in Figure 6(b) as 
chitosan-nanosilica without silane. It suggests that the interaction between the 
chitosan matrix with nanosilica is poor without silane as coupling agent. Good 
interaction will produce homogeneous surface morphology [21].

Figure 6(c) shows membrane morphology of chitosan-nanosilica membrane 
with silane addition variation 1:0.50 (the best membrane) that shows good inter-
action between chitosan and nanosilica with silane addition. This is due to the 
occurrence of attachment between nanosilica and silane as coupling agents with 
relatively small amounts so that they can spread evenly with chitosan matrix, even-
tually being able to cover the pores of membrane well. Excessive agglomeration 
occurs in chitosan-nanosilica membranes with nanosilica:silane 1:2.0 composition 
(Figure 6(d)) due to excessive amounts of silane that interfere effective attach-
ment process, so that the morphology resulting membrane appears to be lumps and 
not homogenous. But, other techniques are necessary to support this facts. A good 
alternative is X-ray photoelectron spectroscopy (XPS), specifically high-resolution 
XPS of C, O, N, and Si.

3.2.6 Membrane topographic analysis using AFM

Membrane topographic analysis using AFM quantitatively is shown in Table 1. 
Topographic analysis with backward amplitude results in surface morphology of 
surface roughness (Sa) and root mean square (RMS) roughness or Sq, as well as the 
highest surface height (Hmax) and lowest surface (Hmin) as in [41–45] studies. In 
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Table 1 the surface roughness parameter values   on chitosan-nanosilica membrane 
without silane showing the value of Sa, Sq, Hmax, and Hmin have the lowest value. The 
addition of 50% GPTMS silane or in composition 1:0.5 as the coupling agent raises 
the value of the surface roughness parameter even at this point reaching the highest 
value. These peaks indicate the optimum interaction with the 50% silane addition 
to chitosan-nanosilica. It proves that silane addition as the coupling agent between 
chitosan and nanosilica at the optimum amount raises the value of average rough-
ness or Sa and root mean square roughness Sq, as well as the highest surface height 
(Hmax) and lowest surface (Hmin) and then decreases at next addition. The next 
point is the addition of 100% silane or in composition of 1:2.0 the surface roughness 
parameter shows a decrease that is, the excess silane causes reduced interaction 
between chitosan and nanosilica.

The qualitative results of membrane topography are shown in Figure 7. The 
AFM analysis provides topographic information of chitosan-nanosilica composite 
membranes with GPTMS (silane) addition as coupling agent in two-dimensional 

Figure 6. 
Morphology surface (5000 magnification) by SEM of (a) chitosan; (b) chitosan-nanosilica membrane with 
nanosilica:silane = 1:0, (c) 1:0.5, and (d) 1:2.0.

Chitosan-nanosilica Membranes Sa mean (nm) Sq mean (nm) Hmax (nm) Hmin (nm)

Nanosilica:silane = 1:0 0.956 1.327 43.000 −28.000

Nanosilica:silane 1 = 1:0.5 2.308 3.713 121.667 −83.333

Nanosilica:silane 1 = 1:2.0 1.473 1.857 82.667 −66.333

Table 1. 
Results of quantitative AFM analysis on chitosan-nanosilica membranes with Silane addition.
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groups presence. A sharp intensity increase occurs in the vibration stretching –OH 
(hydroxyl group). According to [39], it indicates that some hydroxyl groups (–OH) 
on the chitosan matrix have interacted strongly with the polysiloxane network in 
nanosilica-silane through hydrogen bonds. Another important absorption band 
is at 1644–1637 cm−1 which indicates the bending vibration H-O-H indicates the 
vibration of water molecules bound to the inorganic framework.

Variation of nanosilica:silane membrane at 1:0.50 is the best membrane that 
has the highest value of membrane selectivity and has the best mechanical proper-
ties. FT-IR spectra of the chitosan-nanosilica membrane with silane addition in 
nanosilica:silane membrane at 1:0.50 as in Figure 5 shows that absorption band at 
wavenumber 3448.72 cm−1 is stretching vibration absorption –OH groups more 
sharply when compared with other variation. It shows that the hydrogen bonds 
between the chitosan matrixes with this silane addition on nanosilica more easily 
formed than the nanosilica without silane addition. The amine group on the chito-
san is easier to form hydrogen bonds with epoxy groups on the silane. Besides, there 
are new absorption wavenumbers around 900–912 cm−1 which indicate the presence 
of epoxy groups (-C2H3O) in silane [15, 21], and from 2900 to 2960 cm−1 indicating 
–CH2 groups of silane compound [4] in. It can be seen in Figure 8 that absorption 
at wavenumber 902.69 cm−1 indicates epoxy groups presence of organofunctional 
group silane compound and absorption at wavenumber 2924.09 cm−1 that indicates 
the stretching vibration –CH2 groups. Absorption at wavenumber 2924.09 cm−1 
is absorption of the bridge group –CH2 alkyl silane compound and it is not from 
chitosan.

3.2.5 Morphology analysis of chitosan-nanosilica membrane with silane addition

Figure 6 shows membrane morphology of chitosan, chitosan-nanosilica 
without silane addition (variation 1:0) and chitosan-nanosilica with silane 
addition. Figure 6(a) shows a homogenous surface of chitosan membrane, while 
in Figure 6(b-d) show heterogeneous surface of chitosan matrix containing 
nanosilica particles. Besides, there is fairly large agglomeration in Figure 6(b) as 
chitosan-nanosilica without silane. It suggests that the interaction between the 
chitosan matrix with nanosilica is poor without silane as coupling agent. Good 
interaction will produce homogeneous surface morphology [21].

Figure 6(c) shows membrane morphology of chitosan-nanosilica membrane 
with silane addition variation 1:0.50 (the best membrane) that shows good inter-
action between chitosan and nanosilica with silane addition. This is due to the 
occurrence of attachment between nanosilica and silane as coupling agents with 
relatively small amounts so that they can spread evenly with chitosan matrix, even-
tually being able to cover the pores of membrane well. Excessive agglomeration 
occurs in chitosan-nanosilica membranes with nanosilica:silane 1:2.0 composition 
(Figure 6(d)) due to excessive amounts of silane that interfere effective attach-
ment process, so that the morphology resulting membrane appears to be lumps and 
not homogenous. But, other techniques are necessary to support this facts. A good 
alternative is X-ray photoelectron spectroscopy (XPS), specifically high-resolution 
XPS of C, O, N, and Si.

3.2.6 Membrane topographic analysis using AFM

Membrane topographic analysis using AFM quantitatively is shown in Table 1. 
Topographic analysis with backward amplitude results in surface morphology of 
surface roughness (Sa) and root mean square (RMS) roughness or Sq, as well as the 
highest surface height (Hmax) and lowest surface (Hmin) as in [41–45] studies. In 
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Table 1 the surface roughness parameter values   on chitosan-nanosilica membrane 
without silane showing the value of Sa, Sq, Hmax, and Hmin have the lowest value. The 
addition of 50% GPTMS silane or in composition 1:0.5 as the coupling agent raises 
the value of the surface roughness parameter even at this point reaching the highest 
value. These peaks indicate the optimum interaction with the 50% silane addition 
to chitosan-nanosilica. It proves that silane addition as the coupling agent between 
chitosan and nanosilica at the optimum amount raises the value of average rough-
ness or Sa and root mean square roughness Sq, as well as the highest surface height 
(Hmax) and lowest surface (Hmin) and then decreases at next addition. The next 
point is the addition of 100% silane or in composition of 1:2.0 the surface roughness 
parameter shows a decrease that is, the excess silane causes reduced interaction 
between chitosan and nanosilica.

The qualitative results of membrane topography are shown in Figure 7. The 
AFM analysis provides topographic information of chitosan-nanosilica composite 
membranes with GPTMS (silane) addition as coupling agent in two-dimensional 

Figure 6. 
Morphology surface (5000 magnification) by SEM of (a) chitosan; (b) chitosan-nanosilica membrane with 
nanosilica:silane = 1:0, (c) 1:0.5, and (d) 1:2.0.

Chitosan-nanosilica Membranes Sa mean (nm) Sq mean (nm) Hmax (nm) Hmin (nm)

Nanosilica:silane = 1:0 0.956 1.327 43.000 −28.000

Nanosilica:silane 1 = 1:0.5 2.308 3.713 121.667 −83.333

Nanosilica:silane 1 = 1:2.0 1.473 1.857 82.667 −66.333

Table 1. 
Results of quantitative AFM analysis on chitosan-nanosilica membranes with Silane addition.
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(2D) (Figure 7a(1–3)) and three-dimensional (3D) (Figure 7b(1–3)) appearance. 
The analysis results using AFM shows that chitosan-nanosilica membrane without 
silane (chitosan-nanosilica:silane ratio = 1:0) shows that membrane topography 
tends to be regular and evenly distributed. It shows that the membrane still car-
ries typical state of chitosan and nanosilica whose topography is not yet affected 
by other materials. It means between the two materials, chitosan and nanosilica, 
maximum interaction has not yet occurred. This result is in accordance with 
morphological analysis result with SEM which shows rough surface. In chitosan-
nanosilica membranes with 50% silane addition to nanosilica, or the composition 
of chitosan-nanosilica = 1:0.5 indicates significant change in topography surface. 
The membrane surface forms irregular bumps (hills and valleys) caused by the 
certain amount of nanosilica composition that interacts well with chitosan on the 
membrane. On 100% silane addition or chitosan-nanosilica: of 1:2.0, bumps on 
membrane topography are no longer occurred, but the surface tends to be evenly 
distributed and more homogeneous, indicating prominent characteristics of each 
chitosan and nanosilica. The presence of nanosilica fillers interact with chitosan 
through hydrogen bonds as proven by FTIR analysis. The interaction will be 
maximized when the coupling agent is added in the form of silane at an optimum 
amount. In the presence of some silanes, the chitosan matrix will begin to be 
affected by the presence of silane-coupled nanosilica fillers to produce the forma-
tion of a certain number of hills and valleys at AFM analysis in line with capabilities 
of the existing filler and coupling agent. Figure 7 shows a rough topography with 
fairly wide distribution of hills and valleys. The number of irregular areas is due 
to the presence of nanosilica hydrophobic fillers that interact with chitosan by the 
addition of an optimum amount silane as coupling agent. Rugged topography with 
many hills and valleys spread evenly over almost all surfaces that are found on the 
membrane with 50% silane addition. In this membrane, the chitosan and nanosilica 
matrices are no longer dominant, because the added nanosilica filler has interacted 
well with chitosan due to the GPTMS as coupling agent.

Figure 7. 
The AFM analysis of chitosan-nanosilica composite membranes with GPTMS silane coupling agent addition in 
(a) two-dimensional (2D) and (b) three-dimensional (3D), variation nanosilica:silane (1) 1:0, (2) 1:0.5 and 
(3) 1:2.0.
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The interaction that occurs between the chitosan matrixes with nanosilica fillers 
in the presence of silane as coupling agent forms a unified and strong membrane. 
As a result, membrane topography is fused between two components, shown in 
more uniform color in Figure 7. The 3D images on the composition of chitosan-
nanosilica:silane = 1:0.5 resulting from AFM analysis does not show any differences 
in the regions or parts of chitosan and nanosilica. The surfaces of both valleys and 
hills are joined in such a way that they show that the two materials interact very 
well. This phenomenon is supported by research [46] who makes a composite 
membrane from an organic matrix in the form of chitosan and alumina as an 
inorganic filler. The results of AFM analysis in [46] study shows that the chitosan/
alumina composite membrane shows rough topography with membrane surface 
covered with granules show that chitosan has interacted strongly with alumina. 
Identical with [46] study, chitosan subtle areas are covered by nanosilica material 
so that the membrane topography in 3D shows the presence of hills and valleys that 
are evenly distributed to all surfaces. AFM analysis in [20] study also supports the 
facts and results of the AFM analysis in this study. As [20] research on chitosan-
nanosilica supports mixed matrix membranes and the results of AFM analysis show 
that the incorporation of nanosilica and silane increases the membranes surface 
rippling which, as FTIR results shows, are attributed to strong bonds formed 
between nanosilica particles and chitosan matrix.

3.2.7 Thermal analysis using TGA

The thermal stability of the chitosan-nanosilica hybrid membrane is evalu-
ated by thermo gravimetric analysis with TGA. The thermograms are shown in 
Figure 8 and the change in mass percentage on each thermogram stage is pre-
sented in Tables 2 and 3. In TGA analysis, sample changes are marked by devia-
tions from the horizontal line. As shown in Figure 8 and Table 2, all membranes 
show three stages of weight-loss as area of change in mass percentage on TGA 
thermogram of membrane samples.

The first weight loss at around 35–150°C (Table 2) is attributed to the loss of 
water molecules present in hybrid membrane [10, 47] with mass reduction 12–14%. 
The difference in temperature range and the percentage of sample weight-loss is 

Figure 8. 
TGA thermograms of chitosan-nanosilica membrane with silane addition.
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membrane with 50% silane addition. In this membrane, the chitosan and nanosilica 
matrices are no longer dominant, because the added nanosilica filler has interacted 
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As a result, membrane topography is fused between two components, shown in 
more uniform color in Figure 7. The 3D images on the composition of chitosan-
nanosilica:silane = 1:0.5 resulting from AFM analysis does not show any differences 
in the regions or parts of chitosan and nanosilica. The surfaces of both valleys and 
hills are joined in such a way that they show that the two materials interact very 
well. This phenomenon is supported by research [46] who makes a composite 
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inorganic filler. The results of AFM analysis in [46] study shows that the chitosan/
alumina composite membrane shows rough topography with membrane surface 
covered with granules show that chitosan has interacted strongly with alumina. 
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so that the membrane topography in 3D shows the presence of hills and valleys that 
are evenly distributed to all surfaces. AFM analysis in [20] study also supports the 
facts and results of the AFM analysis in this study. As [20] research on chitosan-
nanosilica supports mixed matrix membranes and the results of AFM analysis show 
that the incorporation of nanosilica and silane increases the membranes surface 
rippling which, as FTIR results shows, are attributed to strong bonds formed 
between nanosilica particles and chitosan matrix.
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ated by thermo gravimetric analysis with TGA. The thermograms are shown in 
Figure 8 and the change in mass percentage on each thermogram stage is pre-
sented in Tables 2 and 3. In TGA analysis, sample changes are marked by devia-
tions from the horizontal line. As shown in Figure 8 and Table 2, all membranes 
show three stages of weight-loss as area of change in mass percentage on TGA 
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The first weight loss at around 35–150°C (Table 2) is attributed to the loss of 
water molecules present in hybrid membrane [10, 47] with mass reduction 12–14%. 
The difference in temperature range and the percentage of sample weight-loss is 

Figure 8. 
TGA thermograms of chitosan-nanosilica membrane with silane addition.
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not significant indicates that the water content in samples are not significantly 
different. Mass reduction in chitosan-nanosilica membrane samples with silane 
coupling agent is higher when compared to sample without silane. This shows that 
chitosan-nanosilica with silane is more hygroscopic.

The second weight-loss in Table 2 appearing at around 150–335°C indicates the 
decomposition of chitosan polymer chain in hybrid membrane [10]. This chain 
decomposition is related to the loss of side groups as acetyl groups (as shown in 
Figure 1) in chitosan because the acetyl groups has a weak phi bond so it breaks 
easily first. The temperature range and the percentage of sample weight-loss is 
significantly different. The temperature range and the percentage of mass reduction 
in two samples with silane as coupling agent shows a large range. The second stage 
temperature range in the sample with silane shows a widened temperature region. 
This is due to the presence of the silane as coupling agent interact with the acetyl 
groups thus preventing the release of the acetyl groups. As a result, a large number 
of these groups release at higher temperatures.

The third weight-loss stage is observed near 335–450°C is due to unstable parts 
of the polymeric matrix whereas it is occurring due to complete decomposition 
of the backbone of polymeric matrix [48] and residual organic groups [8]. The 
temperature range and the percentage of sample weight-loss in this stage is signifi-
cantly different. The temperature range in third stage in two samples with silane 
as coupling agent shows a large range while the percentage of mass reduction is a 
small range. The incorporation of silane has improved the interaction of nanosilica 
and chitosan by introducing more functional groups with hydrogen bond forma-
tion as Figure 1 and FTIR results. Hydrogen bond between hydroxyl groups (–OH) 
in silane-coupled nanosilica interacts with the amine group (–NH2) ether group 
(C–O–C) of chitosan that could form a good interface interaction [32]. This all 
makes it difficult for chitosan chain to degrade so that the degradation temperature 
range is greater and the remaining mass is less. In addition, chitosan membrane 
samples with silane-coupled nanosilica have higher component heterogeneity than 
chitosan-nanosilica without silane. High heterogeneity of polymer components 
causing a longer range of degradation and decomposition temperature. Therefore, 
it can be understood that Table 3 shows that nanosilica:silane 1 = 1:0.5 have the 

Chitosan-nanosilica 
Membranes

Temperature range on an 
oblique curve (°C)

Mass reduction on an 
oblique curve (%)

Mass 
residue 

(%) at IIII II III I II III

Nanosilica:silane = 1:0 35–120 120–220 220–430 12.72 9.96 36.02 41.58

Nanosilica:silane 1 = 1:0.5 40–150 150–330 330–450 13.72 34.06 7.79 44.09

Nanosilica:silane 1 = 1:2.0 35–140 140–335 335–450 14.35 36.16 8.78 37.93

Table 2. 
The area of change (stages) in mass percentage reduction on TGA thermogram of membrane samples.

Chitosan-nanosilica 
Membranes

Mass residue (%) at 
450°C

Temperature (°C) when sample is 
degraded and remaining 44%

Nanosilica:silane = 1:0 38.92 371.98

Nanosilica:silane 1 = 1:0.5 44.15 452.94

Nanosilica:silane 1 = 1:2.0 40.74 387.96

Table 3. 
Chitosan-nanosilica:silane membrane thermal degradation.

195

Characterization of Chitosan Membrane Modified with Silane-Coupled Nanosilica for Polymer…
DOI: http://dx.doi.org/10.5772/intechopen.95580

highest thermal degradation. This result is in line with the results of FTIR and AFM 
analysis which finds that the composition nanosilica:silane 1 = 1:0.5 provides the 
best hydrogen bond interaction. This result is in accordance with [17] which state 
that the proper addition of modified nanosilica with silane enhanced the thermal 
performance by acting as superior insulator and mass transport barrier to the 
volatile products generated during decomposition.

4. Conclusions

The influence of silane as coupling agent on the chitosan-nanosilica membrane 
causes homogeneity and prevents agglomeration between nanosilica and chitosan. 
The higher silane compositions added, it decrease the water uptake, increases 
proton conductivity, decreases methanol permeability, and increases selectivity of 
the membrane. The best membrane performance is on the variation of nanosilica: 
silane 1:0.50 which has water uptake of 37.52%, tensile strength of 11.8 MPa, proton 
conductivity of 7.8988 x 10−4 S/cm at 25°C, methanol permeability of 5.8434 x 
10−7 cm2/s, and membrane selectivity of 13.5174 x 102 S s/cm3. This membrane has 
high thermal stability of 452.94°C with mass residue 44%. Based on the results of 
membrane selectivity analysis, the best and most suitable chitosan membrane for 
electrolyte polymer applications is the chitosan membrane with the addition of 
nanosilica:silane = 1:0.5; 1:0.25; 1:1; 1:0; 1:1.5 and 1:2.0 (w/w). This is based on the 
order of membrane selectivity values from the highest to the lowest. The results of 
FT-IR, SEM and AFM analysis on membranes show that optimum silane addition 
provides the best interaction between chitosan matrix and silane-coupled nanosilica 
so that they have higher thermal resistance. When compared to Nafion 117 mem-
brane, this membrane has lower proton conductivity value, but the advantages are it 
more environmentally friendly, has lower methanol permeability, higher tempera-
tures stability and of course more economical in terms of cost. Further efforts are 
needed to increase the proton conductivity of this chitosan membrane for DMFC 
applications.
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not significant indicates that the water content in samples are not significantly 
different. Mass reduction in chitosan-nanosilica membrane samples with silane 
coupling agent is higher when compared to sample without silane. This shows that 
chitosan-nanosilica with silane is more hygroscopic.
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easily first. The temperature range and the percentage of sample weight-loss is 
significantly different. The temperature range and the percentage of mass reduction 
in two samples with silane as coupling agent shows a large range. The second stage 
temperature range in the sample with silane shows a widened temperature region. 
This is due to the presence of the silane as coupling agent interact with the acetyl 
groups thus preventing the release of the acetyl groups. As a result, a large number 
of these groups release at higher temperatures.
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tion as Figure 1 and FTIR results. Hydrogen bond between hydroxyl groups (–OH) 
in silane-coupled nanosilica interacts with the amine group (–NH2) ether group 
(C–O–C) of chitosan that could form a good interface interaction [32]. This all 
makes it difficult for chitosan chain to degrade so that the degradation temperature 
range is greater and the remaining mass is less. In addition, chitosan membrane 
samples with silane-coupled nanosilica have higher component heterogeneity than 
chitosan-nanosilica without silane. High heterogeneity of polymer components 
causing a longer range of degradation and decomposition temperature. Therefore, 
it can be understood that Table 3 shows that nanosilica:silane 1 = 1:0.5 have the 
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highest thermal degradation. This result is in line with the results of FTIR and AFM 
analysis which finds that the composition nanosilica:silane 1 = 1:0.5 provides the 
best hydrogen bond interaction. This result is in accordance with [17] which state 
that the proper addition of modified nanosilica with silane enhanced the thermal 
performance by acting as superior insulator and mass transport barrier to the 
volatile products generated during decomposition.

4. Conclusions

The influence of silane as coupling agent on the chitosan-nanosilica membrane 
causes homogeneity and prevents agglomeration between nanosilica and chitosan. 
The higher silane compositions added, it decrease the water uptake, increases 
proton conductivity, decreases methanol permeability, and increases selectivity of 
the membrane. The best membrane performance is on the variation of nanosilica: 
silane 1:0.50 which has water uptake of 37.52%, tensile strength of 11.8 MPa, proton 
conductivity of 7.8988 x 10−4 S/cm at 25°C, methanol permeability of 5.8434 x 
10−7 cm2/s, and membrane selectivity of 13.5174 x 102 S s/cm3. This membrane has 
high thermal stability of 452.94°C with mass residue 44%. Based on the results of 
membrane selectivity analysis, the best and most suitable chitosan membrane for 
electrolyte polymer applications is the chitosan membrane with the addition of 
nanosilica:silane = 1:0.5; 1:0.25; 1:1; 1:0; 1:1.5 and 1:2.0 (w/w). This is based on the 
order of membrane selectivity values from the highest to the lowest. The results of 
FT-IR, SEM and AFM analysis on membranes show that optimum silane addition 
provides the best interaction between chitosan matrix and silane-coupled nanosilica 
so that they have higher thermal resistance. When compared to Nafion 117 mem-
brane, this membrane has lower proton conductivity value, but the advantages are it 
more environmentally friendly, has lower methanol permeability, higher tempera-
tures stability and of course more economical in terms of cost. Further efforts are 
needed to increase the proton conductivity of this chitosan membrane for DMFC 
applications.
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Abstract

Chitosan, known as a most typical marine biological polymer, has a fruitful
capability of biocompatible gel formation. Attempts of chitosan have been made to
develop it from the multifaceted viewpoint of separation technology. The physico-
chemical properties of chitosan containing a lot of hydroxyl groups and reactive
amino groups help to build the characteristic polymer networks. The deacetylation
degree of chitosan is found as the most influential factor to regulate properties of
chitosan hydrogels. The antibacterial activity of the chitosan membrane is one of its
notable abilities because of its practical application. The chitosan, its derivatives,
and the complex formation with other substances has been used for applications in
filtration and membrane separation processes. Adsorption processes based on
chitosan have been also developed widely. Moreover, complex of chitosan gel helps
to immobilize adsorbent particles. The chitosan membrane immobilizing Prussian-
Blue for cesium ion removal from the aqueous phase is one of the leading cases. To
elaborate the adsorption behavior on the chitosan immobilizing adsorbent, the
isothermal equilibrium and mass transfer characteristics can be discussed. The
adsorption process using chitosan-based membranes in combination with filtration
in a flow process is advantageous compared with the batch process. More advanced
studies of chitosan aerogel and chitosan nanofibers have been proceeded recently,
especially for adapting to water purification and air filtration.

Keywords: chitosan, membrane, deacetylation degree, filtration, adsorption, water
treatment, aerogel, nanofiber

1. Introduction

A separation process, which is often called the “downstream process”, plays a
key role of product manufacturing through chemical or biochemical reaction as well
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Blue for cesium ion removal from the aqueous phase is one of the leading cases. To
elaborate the adsorption behavior on the chitosan immobilizing adsorbent, the
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adsorption process using chitosan-based membranes in combination with filtration
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A separation process, which is often called the “downstream process”, plays a
key role of product manufacturing through chemical or biochemical reaction as well
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as a synthesis process called the “upstream process” [1]. To ensure quality and cost
of final products, the separation process is important and has been developed in line
with the social demands [2]. For chemical and biochemical industries, the separa-
tion process aims to purify objective substances, eliminate undesirable substances,
and fractionate each component from their mixture. As environmental awareness
around the world increases recently, new separation technologies, such as waste-
water treatment [3], advanced desalination [4], air cleaning [5] etc., are in great
demand. In addition, materials used in such separation processes are not only
expected to be efficient, low cost, easy operation, but also required to be
environmentally-friendly.

Chitin and chitosan obtained from crustaceans possess sufficient environmental
adaptability as well as an attractive potential to build various types of functional
media, e.g., membranes [6–10], micro/nanoparticles [11, 12], and nanofibers
[13–16]. Many studies have devoted to develop the novel media adapting separation
processes using chitosan. The separation performance of such chitosan media
should be strongly influenced from chemical properties characterized by
deacetylation degree (DD) at amino groups in the chitosan molecular chain. Nev-
ertheless, it was less mentioned that the DD could steer not only the structure of the
prepared chitosan gels but also the characteristics as separation media.

This chapter describes the preparation and physicochemical properties of novel
chitosan-based media and demonstrates the promising ability of chitosan with focus
on principal studies for environmentally-friendly separation processes. The essential
factors which regulate the performance of separation media prepared from chitosan,
such as DD, molecular weight, and options of cross-linker, are explained. In particu-
lar, the notable impacts of DD on the mass transfer mediated by chitosan membrane,
the mechanical property, and the antibacterial activity, are introduced based on our
previous research [17–19]. Separation media prepared from chitosan are often com-
bined with various adsorbents [20, 21], carbon nanotubes [22, 23], or other functional
materials [24, 25]. In such case, the behavior of mass transfer into the chitosan
hydrogel is complicated to quantitatively evaluate. The present chapter shows the
determination of effective diffusion coefficient of cesium ions in chitosan membrane
immobilizing Prussian Blue particles [20]. Furthermore, the chitosan aerogels with
macro-porous structure is proposed for selective separation for anionic dye from
aqueous phase. Chitosan nanofibers incorporated with polyethylene terephthalate
(PET) non–woven are also covered to describe in an application of air filtration.

2. Physicochemical properties and gelling characteristics

Chitin and chitosan are known as secondary abundant polymers obtained from
the external skeleton of crustaceans such as crab and shrimp [26]. Apart from this,
chitin is also found in and produced from the exoskeleton of insects or the cell walls
of fungi and yeast [6, 27, 28]; however, this contribution is much less than that from
the marine resources. In recent years, chitin and chitosan have gained attention
instead of raw materials of petroleum origin owing to the inevitable depletion of
fossil fuels and the prevention of climate change [29]. This section looks at the
physicochemical properties of chitosan and focuses on the gelling characteristics to
build environmentally-friendly separation media.

2.1 Chemical composition and gelling ability for separation media

Figure 1 shows the chemical conversion between chitin and chitosan. The
chemical composition of chitin can be described as a long-chain polymer,
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poly(β-(1 ! 4)-N-Acetyl-D-glucosamine). Chitosan, poly(β-(1 ! 4)-D-
glucosamine), is obtained mainly by transforming partial deacetylation of chitin in
an alkaline condition, such as using sodium hydroxide aqueous solution. It has been
reported that chitosan and its oligosaccharides not only possess hydrophilicity, non-
toxicity, biodegradability, and biocompatibility, but also possess antimicrobial
activity, antioxidant properties, and an affinity for proteins [7, 26].

Chitosan is insoluble in water at neutral pH or in any organic solvent. Conse-
quently, an acidic aqueous solution, such as acetate buffer solution, is usually
employed to dissolve chitosan, whereby the acid dissociation constant of chitosan is
found as pKa ≈ 6.5 [30]. Chitosan can be dissolved in acidic solutions by proton-
ation of amino groups in glucosamine units.

Deprotonating a chitosan solution through an acid–base neutralization leads to
formation of a water-insoluble gel structure without cross-linker due to
intermolecular hydrogen bonding [8]. The salt (e.g. NaCl) coexisting with chitosan
in an acidic solution acts as counter ions and disrupts intramolecular hydrogen
bonding, and then the flexibility of chitosan molecular chains increases [31]. In
addition, pH neutralization influences the formation of a polymeric network [9].
Therefore, the neutralization condition should be optimized. From the convenient
gelling process, chitosan hydrogels have been developed widely as immobilizing
matrices, with enzymes, carbon nanotubes, and electroconductive polymers as
typical examples [10, 32, 33].

2.2 Deacetylation degree

Deacetylation degree (DD) is the most important factor to regulate physico-
chemical properties. The deacetylation degree of chitosan samples was determined
using the colloidal titration method-based experimental conditions in previous
works [34, 35]. We dissolved chitosan powder (0.5 g) in 5% acetic acid solution, and
then increased the total weight of chitosan–acetic acid solution to 100.0 g by adding
acetic acid. We mixed a 1 g sample of this chitosan–acetic acid solution to 30 ml of
deionized water. The titrant was 0.0025 N potassium polyvinyl sulfate (PVS-K),
and the indicator was 1% toluidine blue. The terminal point of titration was clearly

Figure 1.
Chemical conversion among chitin, chitosan, and furthermore functional separation media.
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indicated by the color changing from blue to claret. The deacetylation degree was
calculated using the following equations.

X ¼ f � 0:0025� 10�3 � v� 161 (1)

Y ¼ 0:5� 10�2 � X (2)

DD %ð Þ ¼ X=161
X=161þ Y=203

� 100 (3)

In these equations, X is the equivalent mass of glucosamine contained in a 1 g
sample of the chitosan–acetic acid solution, v [ml] is the volume of 0.0025 N PVS-K
solution, and f is its concentration factor. Y is the mass of acetyl glucosamine
contained in a 1 g sample, calculated as the difference between the mass of the
sample and the value of X. We evaluated the deacetylation degree of the chitosan
samples as a molar fraction of glucosamine [36].

2.2.1 Control of the deacetylation degree

A chitosan membrane was prepared by the casting method in combination with
N-acetylation reaction [17]. The deacetylation degree (DD) decreased linearly with
increasing added amounts of acetic anhydride (Figure 2). Stoichiometric control of
the deacetylation degree to the desired level was successfully performed. However,
gelation reaction due to excess addition of acetic anhydride inhibited formation of
the chitosan membrane.

The gelation behavior of chitosan, which has various degrees of acetylation (DA)
of amino groups, was investigated to ensure preparation of the designed membrane
structure [37]. The gelation behavior was evaluated by the gelation time and the
quantity of syneresis, and useful information not only for preparing a membrane
but also for preparing an immobilized carrier or a chemical reaction system was
obtained in this work.

2.2.2 Water permeation mechanism of an N-acetylated chitosan membrane

A novel model of the water permeation mechanism in an N-acetyl-chitosan
membrane with a cellular structure was proposed [18]. Although the entire mem-
brane structure has a hydrophilic character, the cellular structure incorporates
junction zones that practically prevent water permeation.

Figure 2.
Effect of acetic anhydride on N-acetylation of chitosan. Acetic anhydride was added to 2 wt.% chitosan solution
(50 g) [17] with permission from Elsevier.
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Chitosan membranes with a controlled degree of deacetylation (DD) were
prepared using a casting method. Changes in the total water content and the
pressure driven water flux of the membrane were observed with a change in DD
(Figure 3). The membrane properties were analyzed and evaluated using water
permeability measurements, scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and differential scanning calorimetry (DSC). SEM observations indi-
cated that the membrane structure was an individual cellular structure and that this
cellular structure grew with decrease in DD (Figure 4). From XRD measurements,
the intensity in the range from 10° to 20° were detected in the chitin (DD = 1.1%)
and the chitosan membranes (71.3% < DD < 92.2%), which indicated that the
crystal structure of the membrane was amorphous regardless of DD. The free water
content (Wf), the freezable bound water (Wfb), and the bound water not able to
freeze (Wb) were evaluated by DSC. The total water content and the sum of free
water content ratios (Wf + Wfb) decreased with increasing DD whereas Wb gradu-
ally increased [18]. That suggests the membrane prepared from lower DD chitosan
formed remarkable cellular structure. The free water was mainly contained inside
of the cellular structure, and resulted in swelling the chitosan membrane (Figure 5).

Figure 3.
Change in water flux (50 kPa, 298 K, μL = 0.901 mPa s) and total water content of membrane with regulated
DD. (●) water flux, Jv and (○) total water content, Wt [18] with permission from Elsevier.

Figure 4.
SEM images observed at cross-section of the membranes prepared from different DD chitosan [18] with
permission from Elsevier. (a) and (b) DD 71.3%; (c) and (d) DD 81.8%; (e) and (f) DD 92.2%. The full
length of reference scaling measure in (a), (c) and (e) indicates 10 μm. The full length of reference scaling
measure in (b), (d) and (f) indicated 5 μm.
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indicated by the color changing from blue to claret. The deacetylation degree was
calculated using the following equations.

X ¼ f � 0:0025� 10�3 � v� 161 (1)

Y ¼ 0:5� 10�2 � X (2)

DD %ð Þ ¼ X=161
X=161þ Y=203

� 100 (3)
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Figure 2.
Effect of acetic anhydride on N-acetylation of chitosan. Acetic anhydride was added to 2 wt.% chitosan solution
(50 g) [17] with permission from Elsevier.
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Chitosan membranes with a controlled degree of deacetylation (DD) were
prepared using a casting method. Changes in the total water content and the
pressure driven water flux of the membrane were observed with a change in DD
(Figure 3). The membrane properties were analyzed and evaluated using water
permeability measurements, scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and differential scanning calorimetry (DSC). SEM observations indi-
cated that the membrane structure was an individual cellular structure and that this
cellular structure grew with decrease in DD (Figure 4). From XRD measurements,
the intensity in the range from 10° to 20° were detected in the chitin (DD = 1.1%)
and the chitosan membranes (71.3% < DD < 92.2%), which indicated that the
crystal structure of the membrane was amorphous regardless of DD. The free water
content (Wf), the freezable bound water (Wfb), and the bound water not able to
freeze (Wb) were evaluated by DSC. The total water content and the sum of free
water content ratios (Wf + Wfb) decreased with increasing DD whereas Wb gradu-
ally increased [18]. That suggests the membrane prepared from lower DD chitosan
formed remarkable cellular structure. The free water was mainly contained inside
of the cellular structure, and resulted in swelling the chitosan membrane (Figure 5).

Figure 3.
Change in water flux (50 kPa, 298 K, μL = 0.901 mPa s) and total water content of membrane with regulated
DD. (●) water flux, Jv and (○) total water content, Wt [18] with permission from Elsevier.

Figure 4.
SEM images observed at cross-section of the membranes prepared from different DD chitosan [18] with
permission from Elsevier. (a) and (b) DD 71.3%; (c) and (d) DD 81.8%; (e) and (f) DD 92.2%. The full
length of reference scaling measure in (a), (c) and (e) indicates 10 μm. The full length of reference scaling
measure in (b), (d) and (f) indicated 5 μm.
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Pressure driven water flux was measured using the ultrafiltration apparatus; it
was dependent on the operational pressure, membrane thickness, and the feed
solution viscosity, and obeyed the Hagen-Poiseuille flow. At a higher DD, water
permeation proceeded due to degradation of the cellular structure; the amount of
water in permeation channels was greater than that for lower DD membranes even
though the total water content in the membrane was less. The water flux of the
chitosan membrane was determined by the water content constructing channels
through the membrane and not by the total water content in the membrane.

2.2.3 Antibacterial activity

The antibacterial activity is also explained, because of its long-time practical
application. The antibacterial activity of chitosan membranes was investigated by a
conductimetric assay using a bactometer [19]. The growth of the gram-positive
sample (S. aureus) was more strongly inhibited by chitosan than the gram-negative
sample (E. coli). This inhibitory effect was recognized as a bactericidal effect.
Antibacterial activity was also observed and was dependent on the shape and
specific surface area of the powdered chitosan membrane. The influence of the DD
of the chitosan on inhibiting the growth of S. aureus was investigated by two
methods: incubation using a mannitol salt agar medium and a conductimetric assay
(Figure 6). In both methods, chitosan with a higher DD successfully inhibited
growth of S. aureus. Our findings regarding the dominant role of the DD of chitosan
will be useful for designing lasting, hygienic, membrane-based processes.

Figure 5.
Schematic illustration of the water permeation mechanism in an N-acetyl-chitosan membrane with a cellular
structure. (a) the structure of a high DD chitosan membrane, (b) the structure of a low DD chitosan
membrane, and (c) the detailed image of a low DD chitosan membrane with its cellular structure and water
channels. The cellular structure illustrated in (b) is composed of immobilized water, the cellular wall, and the
junction zone. The structure prevents water flux [18] with permission from Elsevier.
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2.3 Molecular weight

The molecular weight of chitosan also plays a significant role in the properties
of a prepared membrane. It was found that the tensile strength and elongation of
membranes prepared from high molecular weight chitosan were higher than those
prepared from low molecular weight chitosan; however, the permeability of
membranes from high molecular weight chitosan is lower than those prepared
from low molecular weight ones [38]. For convenient determination, the visco-
metric average molecular weight (M [g mol�1]) can be calculated from the intrin-
sic viscosity (η [mL g�1]) using the Mark-Houwink-Sakurada relationship as
follows:

η½ � ¼ KMα (4)

For a case, chitosan is dissolved in an acetate buffer composed of 0.2 M acetic
acid +0.2 M sodium acetate at 25 ̊C. The parameters in the above relationship were
found as K = 7.9 � 10�2 [mL/g] and α = 0.796 [�] [27, 39, 40].

2.4 Cross-linker

Various types of cross-linkers are often employed for the fabrication of suitable
chitosan membranes adapted to separation processes. Glutaraldehyde (GA) is
usually used as cross-linker, because it is extremely reactive in cross-linking
chitosan polymer chains via the Schiff reaction between aldehyde groups and amino
groups to form covalent imine bonds [41–43]; however, GA is also toxic. Genipin,
which is produced from the hydrolysis of geniposide extracted from the fruits of
Gardenia jasminoides Ellis, is attracted as a biocompatible and low biohazardous
cross-linker [44, 45]. Tetraethyl orthosilicate (TEOS) is also used as a covalent
cross-linker, which serves to cross-link with chitosan polymers at their hydroxyl
groups, to immobilize adsorbent particles, and to hydrophobize membrane surfaces
[22, 46–48]. Jóźwiak and coworkers widely investigated the effect of the
cross-linker type occurring covalent bond or ionic bond on the chitosan hydrogel
prepared for ionic dye adsorption. In case of covalent agents, it is suggested that
epoxide functional groups prefer to attack hydroxyl groups of chitosan during
cross-linking, and the free amine groups formed are responsible for anionic dye
adsorption [49].

Figure 6
Photographical evidence of antibacterial activity of chitosan membrane immersed in mannitol salt agar culture
involved with degree of deacetylation: (a) DD 92.2%; (b) DD 90.1%; (c) DD 88.0%; (d) DD 83.9%; (e) DD
79.7%; (f) DD 75.5%; (g) PVC; (h) control [19] with permission from Elsevier.
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follows:
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For a case, chitosan is dissolved in an acetate buffer composed of 0.2 M acetic
acid +0.2 M sodium acetate at 25 ̊C. The parameters in the above relationship were
found as K = 7.9 � 10�2 [mL/g] and α = 0.796 [�] [27, 39, 40].

2.4 Cross-linker

Various types of cross-linkers are often employed for the fabrication of suitable
chitosan membranes adapted to separation processes. Glutaraldehyde (GA) is
usually used as cross-linker, because it is extremely reactive in cross-linking
chitosan polymer chains via the Schiff reaction between aldehyde groups and amino
groups to form covalent imine bonds [41–43]; however, GA is also toxic. Genipin,
which is produced from the hydrolysis of geniposide extracted from the fruits of
Gardenia jasminoides Ellis, is attracted as a biocompatible and low biohazardous
cross-linker [44, 45]. Tetraethyl orthosilicate (TEOS) is also used as a covalent
cross-linker, which serves to cross-link with chitosan polymers at their hydroxyl
groups, to immobilize adsorbent particles, and to hydrophobize membrane surfaces
[22, 46–48]. Jóźwiak and coworkers widely investigated the effect of the
cross-linker type occurring covalent bond or ionic bond on the chitosan hydrogel
prepared for ionic dye adsorption. In case of covalent agents, it is suggested that
epoxide functional groups prefer to attack hydroxyl groups of chitosan during
cross-linking, and the free amine groups formed are responsible for anionic dye
adsorption [49].
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3. Filtration processes with sieving to molecules

Table 1 summarizes the recent studies of a filtration membrane consisting of
chitosan or chitosan derivatives. In several membranes, the functional materials are
additionally composed to improve the separation ability. The relevant studies are
picked up and described below.

Membrane body Additive functionalizing
material

Cross-
linker

Target
substances

Expected
application

Ref. Year

chitosan phosphotungstic acid NA proton,
methanol

DMFCs a [60] 2016

chitosan/PSFb MOFsc NA NaCl,
MgCl2,
CaCl2,
Na2SO4

nanofiltration [50] 2017

chitosan MWNTd glycerin,
PEGDEe

NaCl,
MgCl2
MgSO4

nanofiltration [51]

carboxymethyl
chitosan/PVDF f

NA NA humic
acid

nanofiltration [52]

chitosan/PTFE g NA TEOS h methanol,
toluene

pervaporation [46] 2018

chitosan/PVA i NA adipic
acid

NaCl
aerosol

air filtration [56]

phosphorylated
chitosan/PAN j

NA GA k MgCl2
Na2SO4

MB l MO
m, AYR n

nanofiltration [41]

chitosan polyester nonwoven
fabric

sulfuric
acid

H2O
(vapor)

membrane
drier

[61] 2019

chitosan/PVA i motmorillonite NA Cr(VI) nanofiltration [53

chitosan MWNTd NA NaCl,
MgSO4

nanofiltration [55] 2020

PVA i microparticles of
chitosan, phosphorylated
chitosan, glycidol-
modified chitosan,
or sulphated
chitosan

GA k ethanol pervaporation [42]

phosphorylated
chitosan

graphene oxide GA k DB38 o, PS
p, XO q

nanofiltration [43]

chitosan/PES r MWNTd NA MG s nanofiltration [54]

chitosan NA genipin IPA t pervaporation [44]

chitosan/PVA i Cu-BTC u NA CO2 (gas) CO2

separation
[57]

carboxymethyl
chitosan/
polyamidoamine

hydrotalcite NA CO2 (gas) CO2

separation
[58]

chitosan/
methoxy pectin

cutin glycerol H2O
(vapor)

packaging
film

[62]
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3.1 Nanofiltration

As a common procedure, many types of chitosan-based membranes are pre-
pared using the casting method. Chitosan membranes prepared by the casting
method usually has a highly compacted gel structure since hydrogen bonding
derived from a lot of hydroxyl groups. The dense membranes are beneficial for the
nanofiltration process separating small substances, for instance, salts, organic acids,
or organic dyes [41, 43, 50–54]. For improving the separation ability, combination
of organic–inorganic polymeric hybrid membrane is an innovative approach.
Metal–organic frameworks (MOFs) were incorporated into the chitosan polymeric
matrix to obtain a positively charged membrane surface for cation removal [50].
Montmorillonite clay, which is dispersed uniformly in a porous matrix, enhances
chromium removal [53]. Also, carbon nanotubes are combined with the chitosan
membrane for improving solution permeability and salt rejection [51, 55].

3.2 Gas separation

The chitosan membranes with dense polymeric structures can also be used for gas
separation processes. It is reported that a chitosan/polyvinyl alcohol (PVA)-blended
membrane exhibited high air filtration with antibacterial activity [56]. Nowadays,
CO2 separation technology has caught attention due to the increase in concerns
related to climate change because of greenhouse gases. Chitosan-based membranes
for CO2 separation membranes are developed to immobilize active sites, such as
copper-1,3,5-benzenetricarboxylic acid (Cu-BTC) [57] and hydrotalcite [58].

3.3 Hydrophilicity-based process

Due to a high hydrophilicity derived from abundant hydroxyl groups in glucos-
amine units, the polymeric membranes consisting of chitosan are suitable for

Membrane body Additive functionalizing
material

Cross-
linker

Target
substances

Expected
application

Ref. Year

chitosan NA succinic
acid

H2O
(vapor)

packaging
film

[63] 2021

aDMFCs: direct methanol fuel cells
bPSF: polysulfone
cMOF: metal organic frameworks
dMWNT: multi-walled carbon nanotubes
ePEGDE: polyethyleneglycol diglycidyl ether
fPVDF: polyvinylidene fluoride
gPTFE: polytetrafluoroethylene
hTEOS: tetraethyl orthosilicate
iPVA: polyvinyl alcohol
jPAN: polyacrylonitrile
kGA: glutaraldehyde
lMB: Methylene Blue (dye)
mMO: Methyl Orange (dye)
nAYR: Alizarine Yellow (dye)
oDB38: Direct Black 38 (dye)
pPS: Ponceau S (dye)
qXO: Xylenol Orange (dye)
rPES: polyethersulfone
sMG: Malachite Green (dye)
tIPA: isopropanol
uCu-BTC: copper-1,3,5-benzenetricarboxylic acid

Table 1.
Recent studies of a separation membrane consisting of chitosan.
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separation between water and organic solvents using pervaporation processes
[42, 44, 46, 59]. From its hydrophilicity, the chitosan membrane has also been used
as a separation membrane in direct methanol fuel cells (DMFCs) requiring blocking
of methanol permeation as well as proton conductivity [60]. Regarding the hydro-
philicity of chitosan, removal or blocking of water vapor was tested using a chitosan
membrane for a part of a membrane drier apparatus [61] and packaging membrane
[62, 63]. As a very recent issue, the interest in biodegradable films for packaging has
recently been steadily increasing due to significant concerns on environmental
pollution caused by nonbiodegradable packaging materials [64, 65].

4. Adsorption processes

Adsorption is frequently used in separation processes to recover worthy sub-
stances as well as water treatment due to its advantages, such as easy operation,
high selectivity, and low operational costs [66, 67]. Tables 2 and 3 summarize the
recent studies of adsorption processes, which employed chitosan or chitosan deriv-
atives as either main body of adsorbent or immobilizing media for other adsorbents
(mainly fine particles).

As shown in Figure 1, chitosan has abundant functional groups. Thereby,
chitosan and its derivatives also show adsorbent capabilities with various metal ions
and organic substances depending on the pH and the concentration of ionic sub-
stances [13]. Hence, their adsorption properties are being widely researched [68]. A
large portion of the study employed chitosan and its derivatives for adsorption
processes devoted to remove heavy metal from polluted water [11, 13–16, 28, 69–
71]. Considering organic compounds, chitosan can adsorb anionic dyes due to amine
groups in a chitosan polymer chain [72–74]. It has been reported that nonionic
compounds like naphthalene [22] are also adsorbed on chitosan. For improving the
adsorption ability, fibrous membranes are fabricated to remove ionic substances or
heavy metal ions [12–16, 71]. Fibrous membranes with the adsorption ability are
beneficial due to not only large surface area but also high permeation flux. Chitosan
gel have shown brilliant abilities as immobilizing media to various adsorbent sub-
stances not only to enhance absorption performance but also to enlarge coverage of
adsorbates [20–21, 23, 25, 66, 73, 75–79].

Adsorption processes are liberally categorized into two types which are adsorp-
tion conducted in a batch process and adsorption in combination with filtration in a
flow process.

4.1 Membrane-type absorbents adapting with filtration process

Chitosan have been focused as the media immobilizing various adsorbents since
it is able to form stable gel structure through pH responsible [15, 20, 24, 71, 80].
From the advantages in both the adsorption process with selectivity and filtration
with continuous operation, the membrane-type adsorbents have been recently
developed to adopt the flow process. Table 2 summarizes the studies of membrane-
type adsorbents consisted of chitosan or chitosan derivatives.

4.1.1 Characterization of chitosan membrane immobilizing adsorbent in batch process

For a large portion of such studies, adsorption abilities are evaluated from
isothermal adsorption in batch process to reveal adsorption mechanisms [24, 72]. As
a typical case of an adsorption membrane immobilizing adsorbent particles,
chitosan membrane incorporating Prussian Blue (PB) was developed for cesium
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removal from the aqueous phase [20]. The maximum adsorption capacity can be
evaluated from the equilibrium adsorption amount of absorbate on absorbent
(qe [mol g�1]) and the equilibrium concentration of absorbate in aqueous phase

Membrane body Membrane type Additional
adsorbent

Cross-
linker

Target
substances

Ref. Year

chitosan/PVAa porous membrane CNTsb TEOS c naphthalene [22] 2015

chitosan/
polyester

fibrous membrane NA GA d Cr(VI) [14] 2016

chitosan/PETe fibrous membrane NA GA d Cu(II), Pb(II),
Cd(II), Cr(VI)

[13] 2017

chitosan/cellulose porous membrane NA GA d Cu(II) [69] 2018

chitosan affinity membrane multilayered
molecularly
imprinted

TEOS c artemisinin [47] 2019

chitosan/
polyacrylonitrile

fibrous membrane zirconium MOF
f

NA Pb(II), Cd(II),
Cr(VI)

[15]

chitosan dense membrane
immobilizing
adsorbents

PB g NA Cs [20]

chitosan NA NA glyoxal RO16h, MOi [72]

oxidized chitosan/
PVAa

fibrous membrane PHMG j NA Cu(II) [16]

chitosan/PVAa dence membrane
immobilizing
adsorbents

ZIF-8 k NA MG l [24] 2020

octyl-
trimethoxysilane
modified chitosan

dense membrane NA TEOS c impurities from
extracted
artemisinin

[48]

chitosan/PVA a dence membrane
immobilizing
adsorbents

ZIF-8 k NA MG l [80]

chitosan/PVAa /
PEIm

porous membrane NA NA Cu(II) [70]

chitosan/PVDFn fibrous membrane ZIF-8 k NA BSAo, Cr(VI) [71]

chitosan/
polyamide6

fibrous membrane NA NA Acid Fuchsin
dye

[12]

aPVA: poly(vinyl alcohol)
bCNTs: carbon nanotubes
cTEOS: tetraethyl orthosilicate
dGA: glutaraldehyde
ePET: polyethylene terephthalate
fMOF: metal–organic frameworks
gPB: Prussian Blue (dye used as adsorbent)
hRO16: Reactive Orange 16 (dye)
iMO: Methyl Orange (dye)
jPHMG: poly-hexamethylene guanidine
kZIF-8: zeolitic imidazole framework-8
lMG: Malachite Green (dye)
mPEI: polyethyleneimine
nPVDF: polyvinylidene fluoride
oBSA: bovine serum albumin

Table 2.
Recent studies of adsorption membrane consisted of chitosan or its derivatives.
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stances as well as water treatment due to its advantages, such as easy operation,
high selectivity, and low operational costs [66, 67]. Tables 2 and 3 summarize the
recent studies of adsorption processes, which employed chitosan or chitosan deriv-
atives as either main body of adsorbent or immobilizing media for other adsorbents
(mainly fine particles).

As shown in Figure 1, chitosan has abundant functional groups. Thereby,
chitosan and its derivatives also show adsorbent capabilities with various metal ions
and organic substances depending on the pH and the concentration of ionic sub-
stances [13]. Hence, their adsorption properties are being widely researched [68]. A
large portion of the study employed chitosan and its derivatives for adsorption
processes devoted to remove heavy metal from polluted water [11, 13–16, 28, 69–
71]. Considering organic compounds, chitosan can adsorb anionic dyes due to amine
groups in a chitosan polymer chain [72–74]. It has been reported that nonionic
compounds like naphthalene [22] are also adsorbed on chitosan. For improving the
adsorption ability, fibrous membranes are fabricated to remove ionic substances or
heavy metal ions [12–16, 71]. Fibrous membranes with the adsorption ability are
beneficial due to not only large surface area but also high permeation flux. Chitosan
gel have shown brilliant abilities as immobilizing media to various adsorbent sub-
stances not only to enhance absorption performance but also to enlarge coverage of
adsorbates [20–21, 23, 25, 66, 73, 75–79].

Adsorption processes are liberally categorized into two types which are adsorp-
tion conducted in a batch process and adsorption in combination with filtration in a
flow process.

4.1 Membrane-type absorbents adapting with filtration process

Chitosan have been focused as the media immobilizing various adsorbents since
it is able to form stable gel structure through pH responsible [15, 20, 24, 71, 80].
From the advantages in both the adsorption process with selectivity and filtration
with continuous operation, the membrane-type adsorbents have been recently
developed to adopt the flow process. Table 2 summarizes the studies of membrane-
type adsorbents consisted of chitosan or chitosan derivatives.

4.1.1 Characterization of chitosan membrane immobilizing adsorbent in batch process

For a large portion of such studies, adsorption abilities are evaluated from
isothermal adsorption in batch process to reveal adsorption mechanisms [24, 72]. As
a typical case of an adsorption membrane immobilizing adsorbent particles,
chitosan membrane incorporating Prussian Blue (PB) was developed for cesium
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removal from the aqueous phase [20]. The maximum adsorption capacity can be
evaluated from the equilibrium adsorption amount of absorbate on absorbent
(qe [mol g�1]) and the equilibrium concentration of absorbate in aqueous phase

Membrane body Membrane type Additional
adsorbent

Cross-
linker

Target
substances

Ref. Year

chitosan/PVAa porous membrane CNTsb TEOS c naphthalene [22] 2015

chitosan/
polyester

fibrous membrane NA GA d Cr(VI) [14] 2016

chitosan/PETe fibrous membrane NA GA d Cu(II), Pb(II),
Cd(II), Cr(VI)

[13] 2017

chitosan/cellulose porous membrane NA GA d Cu(II) [69] 2018

chitosan affinity membrane multilayered
molecularly
imprinted

TEOS c artemisinin [47] 2019

chitosan/
polyacrylonitrile

fibrous membrane zirconium MOF
f

NA Pb(II), Cd(II),
Cr(VI)

[15]

chitosan dense membrane
immobilizing
adsorbents

PB g NA Cs [20]

chitosan NA NA glyoxal RO16h, MOi [72]

oxidized chitosan/
PVAa

fibrous membrane PHMG j NA Cu(II) [16]

chitosan/PVAa dence membrane
immobilizing
adsorbents

ZIF-8 k NA MG l [24] 2020

octyl-
trimethoxysilane
modified chitosan

dense membrane NA TEOS c impurities from
extracted
artemisinin

[48]

chitosan/PVA a dence membrane
immobilizing
adsorbents

ZIF-8 k NA MG l [80]

chitosan/PVAa /
PEIm

porous membrane NA NA Cu(II) [70]

chitosan/PVDFn fibrous membrane ZIF-8 k NA BSAo, Cr(VI) [71]

chitosan/
polyamide6

fibrous membrane NA NA Acid Fuchsin
dye

[12]

aPVA: poly(vinyl alcohol)
bCNTs: carbon nanotubes
cTEOS: tetraethyl orthosilicate
dGA: glutaraldehyde
ePET: polyethylene terephthalate
fMOF: metal–organic frameworks
gPB: Prussian Blue (dye used as adsorbent)
hRO16: Reactive Orange 16 (dye)
iMO: Methyl Orange (dye)
jPHMG: poly-hexamethylene guanidine
kZIF-8: zeolitic imidazole framework-8
lMG: Malachite Green (dye)
mPEI: polyethyleneimine
nPVDF: polyvinylidene fluoride
oBSA: bovine serum albumin

Table 2.
Recent studies of adsorption membrane consisted of chitosan or its derivatives.
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(Ce [mol g�1]) using the Langmuir adsorption isotherm (Eq. 5). The Langmuir
isotherm explains both monolayer and homogeneous adsorption.

qe ¼
Qmax K Ce

1þ K Ce
(5)

Where, Qmax and K are the maximum adsorption capacity [mol g�1] and the
equilibrium adsorption constant [L mol�1], respectively. Figure 7a displays the
effect of the mass fraction of immobilized PB in chitosan membrane (MFPB) on the
maximum adsorption capacity for the membrane and for the PB immobilized in
membranes. Immobilization in the chitosan membrane achieved to improve cesium
adsorption without inhibition of the adsorption ability of PB.

The diffusivity of adsorbate molecules in adsorbent media strongly influences
the adsorption rate [81]. The effective diffusion coefficient (Deff [m

2 s�1]) of cesium
ions in the chitosan membrane immobilizing PB was determined according to the
mass transfer theory. Figure 7b depicts the effect ofMFPB on the Deff of cesium ions
in the initial period of isothermal adsorption. The obtained values of Deff were lower
than that of the diffusion coefficient in the bulk aqueous phase, which was previ-
ously reported as 2.17 � 10�9 m2 s�1 [82]. The structure of the membrane consisting
of a chitosan polymer chain and PB were observed to suppress the diffusion of
cesium ions into the membrane. The diffusion of cesium ions was inhibited consid-
erably by the immobilized PB, which became dominant in comparison to the mass
transfer resistance by the chitosan polymer chain [20].

4.1.2 Adsorbed separation in flow process

The adsorbed separation in flowing process through the membrane
immobilizing adsorbents is more efficiently than equilibrium adsorption in flask.
Owing to the adsorption ability collaborated with molecular size screening ability,
selective separation is exhibited higher than without adsorbent system. Moreover,
adsorption capability of adsorbents is fully utilized in the adsorption in combination
with filtration in a flow process whereas the batch adsorption is up to equilibrium
by the decrease of solutes concentration in liquid phase [83].

Figure 7.
Effect of the mass fraction of PB on (a) the maximum adsorption capacity for the chitosan membrane (left axis)
and for the PB immobilized in the membrane (right axis). (b) the effective diffusion coefficient of cesium ions in
the initial period of isothermal adsorption (25°C). Reprinted from Fujisaki, Kashima, Hagiri, Imai [20] with
permission from WILEY-VCH.
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Li and co-workers have prepared chitosan fibrous membrane and investigated
the dynamic flow adsorption using filtration apparatus for removal of Cr (VI) from
aqueous phase [14]. The study revealed the flow adsorption is advantageous than
static batch adsorption for small concentration of feed Cr (VI). In addition, the flow
rate of feed solution during the flow process directly influenced on the adsorption
behavior. Lower flow rate increases the adsorbed amount of Cr (VI) nearly up to
maximum adsorption capacity since the contact time between adsorbent and
adsorbate increases.

Separation performance is strongly depended on the membrane structure as well
as selection of absorbent. Khajavian and co-workers have demonstrated the removal
of Malachite Green known as a cationic dye via flow process using chitosan/poly
(vinyl alcohol) incorporating metal–organic frameworks (ZIF-8) [80]. The physical
factors including membrane thickness and porous structure generated by pore
generator (polyethylene glycol) inside membrane regulate water flux and dye
rejection. The chitosan membrane adopting flow processes should be optimized for
each system and target substances.

4.2 Other types of absorbent media composed of chitosan

Table 3 shows the recent studies of adsorption processes using chitosan or its
derivatives. Here, the adsorption studies in membrane-type process, which were
already showed in Table 2 are eliminated.

A spherical bead is the basis of the adsorbent media. Chitosan beads can be
obtained easily via droplet method which a small portion of chitosan dissolved in
acid solution is dropped to alkaline solution for neutralization. Bead-type absor-
bents can be applied to packed bed adsorption operated in a flow process [28].

Adsorbents composed of chitosan and its derivatives incorporated with inor-
ganic substances have been developed to enhance adsorption performance [21, 75,
78, 84]. In addition, it is a notable trend that the studies about the removal of
organic dye from aqueous are clearly increasing.

As a very recent approach, Sadiq and coworkers developed chitosan beads
incorporating with deep eutectic solvents (DES) which are prepared from choline
chloride with urea or glycerol for removing organic dye [79]. The DES is paid
attention to possess biocompatibility and low toxicity regardless of similar charac-
teristics with ionic liquids [79, 85, 86].

4.3 Highly porous aerogels

Highly porous media from chitosan gel which have large surface area contribut-
ing high adsorption ability have been developed recently [87–91]. Such highly
porous media are frequently called aerogel. Chitosan aerogels can be prepared via
freeze-drying of chitosan aqueous solution and stabilization using cross-linker, such
as glutaraldehyde (GA). Yi and coworkers reported chitosan aerogel silylated with
methyl trimethoxysilane which has spring-like structure leading to high oil absorp-
tion [89]. Yu and coworkers revealed preparation of chitosan aerogel incorporating
graphene oxide and montmorillonite without cross-linker exhibited efficiently Cr
(VI) adsorption [88].

Chitosan aerogel prepared with GA has highly porous structure showed by a
field emission scanning electron microscopy (FE-SEM) (Figure 8a). The chitosan
aerogel prepared with GA adsorbed anionic dye (Methyl Orange: 327 Da) rapidly
although cationic dye of similar molecular weight (Methylene Blue: 320 Da) is not
removed from their aqueous solutions (Figure 8b). Selective removal of anionic
substrates in high adsorption rate can be achieved by static attraction derived
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abundant amine and sufficient surface area. Moreover, chitosan aerogel can immo-
bilize various functional particles hence it is expected to develop as new adsorbent
media [88, 90].

5. Chitosan nanofiber

Recently, along with the expanding area of nanotechnologies, the area of
nanofibers has been gaining interest [92]. Nanofibers with diameter in the range

Figure 8.
Chitosan aerogel prepared with glutaraldehyde as a cross-linker. (a) Morphology observed by FE-SEM.
(b) Isothermal adsorption of anionic dye (methyl Orange) and cationic dye (methylene blue) onto chitosan aerogel.
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from several micrometers down to tens of nanometers have useful properties such
as high specific surface area, porosity, as well as biocompatibility [93, 94].
Nanofibers made from chitosan have not yet been fully established as compared
with other nanofibers [95–97]. Chitosan nanofibers have diameter around 10 nm
and amino groups on its surface with positive charge [98]. Accordingly, chitosan
nanofibers possess unique characteristics and advantages that other nanofiber does
not have, that has been expected to be used in various sorts of industrial fields, for
instance, filtrations, recovery of metal ions, adsorption of proteins, drug release,
enzyme carriers, wound healing, cosmetics, and biosensors have been developed
[99–106].

In particular, chitosan nanofiber can be expected as an alternative to air filter
media (Figure 9). The particle collection performance across chitosan nanofiber
media decreased with increase in the amount of chitosan nanofibers on the poly-
ethylene terephthalate (PET) non–woven, as shown in Figure 10. In addition, it was

Figure 9.
SEM photograph of chitosan nanofibers filter media.

Figure 10.
Comparison of the fractional penetrations of various sorts of test filter media.
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found that the particle collection performance of filter media with high weight of
chitosan nanofibers (Weight of sheet (Ws) = 6.0 g/m2) is compatible to commercial
electret filter media.

6. Conclusion

This chapter described the promising development of utilizing chitosan and its
derivatives with the focus on separation processes, and overviewed principal inves-
tigations. Reactive molecular chains of chitosan derived from hydroxyl and amino
groups serve to form an attractive polymeric gel structure. In the filtration process,
dense chitosan membranes separate small molecules of solvents, organic dyes, and
toxic ions. The deacetylation degree is found to be the most notable factor for water
permeation through membranes and its antibacterial ability. The complexity of
chitosan-immobilizing systems with functional materials are found to be available
in water purification processes. In recent years, adsorption combined with filtration
is being developed for various types of water treatment. In this new type process,
both the equilibrium adsorption capability and diffusivity in the absorbent matrix
should be mentioned as describe in Section 4.1. Due to the easy operation, high
selectivity, and low operational costs, adsorption process with chitosan gel is widely
studied. As advanced separation media, highly porous chitosan aerogels and
nanofibers, which possess large surface area that contribute to improved separation
ability, have been developed recently.

Great demands of a novel biocompatible material and environmentally-friendly
processes will continue to increase in future. Innovative separation technology
utilizing chitosan obtained from bioresources is promising. The multifaceted devel-
opment of chitosan-based system will lead to environmentally-friendly processes.
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Abstract

Biopolymers-based compounds were used by different manners for metal 
protection toward corrosion phenomena, namely via inhibiting additive and 
coating strategies. In the last decade, the application of these compounds or their 
chemically modified forms as effective replacements for toxic inorganic and organic 
inhibitors attracts more attention. Additionally to their intrinsic chemical stability, 
biodegradability, eco-friendly, low cost and renewability, biopolymers set were 
shown the remarkable effect to control the dissolution of several metallic materials 
in various corrosive environments. Among a large variety of available biopolymers, 
chitosan and its functionalized form, as well as its nanoparticle composites, have 
been reported and widely used as good anti-corrosion compounds for different 
metal/medium systems. In this context, the current chapter aims to shed more light 
on this subject.

Keywords: corrosion, chitosan, chitin, inhibitor, metal, solution, coating, composite

1. Introduction

Metal corrosion is defined as a spontaneous deterioration of metallic materi-
als caused by the adjacent environments (e.g. during the acidic cleaning process) 
through electrochemical and/or chemical processes. Such a phenomenon is inevi-
table due to its undesirable outcomes on technological and industrial applications, 
which leads to huge loss of natural resources, human lives and economic [1]. In this 
regard, researchers were compelled to perform several scientific investigations to 
extend the working life of these materials and to overcome the devastating impact 
of corrosion. Among available technical solutions, the addition of corrosion inhibi-
tors into the aggressive environment seems to be an attractive and economic technic 
to effectively control corrosion [2]. Diverse organic and inorganic substances have 
been employed as anti-corrosion compounds for many metal-environment systems 
[3]. Another efficient strategy to extend the life of metallic-based materials and 
protect them against corrosion is the application of organic coatings [4–7].

In the present chapter, we interesting in the organic inhibitor category, which its 
protection ability is related to its adsorption onto the metal surface via electrostatic 
attraction or/and chemical bond formation, leading to the formation of a protec-
tive layer resulting in corrosion mitigation [8]. It is well known that the adsorption 
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process of these compounds occurs via their electron-donator sites like heteroatoms 
(N, O, S and P) and multiple bonds (π-bonds) and aromatic rings as well. Even they 
are efficient, recently, the exploitation of organic substances as corrosion retarders 
has been limited by several strict environmental rules, and such a trend aims to 
limit their unsafe menace to ecology and health [9].

At this time, the use of biopolymers as promising replacement of toxic corrosion 
inhibitors is considered a new trend and novel strategy to omit metallic corrosion. One 
of the key advantages of these bio-macromolecules is their increased attachment sites 
to the metallic substrate, rising to good film-formation and adhesion as compared to 
small molecule inhibitors [10]. This capability can be further boosted by the insertion 
of additional adsorption sites, i.e. functional groups, within the biopolymers back-
bone [11]. On the other hand, these biopolymers are biodegradable, biocompatible, 
cheap and non-toxic. Besides, they are readily available and renewable sources of 
materials [12]. All these characteristics have made them ideal candidates to mitigate 
ecologically metallic corrosion. In this regards, a large variety of natural polymers are 
reported to act as anti-corrosion agents to secure the metal against dissolution such as 
alginate, sodium chitosan, pectin, carboxymethyl and hydroxylethyl cellulose [13, 14].

Among available biopolymers, chitosan (Figure 1(a)) was especially exhibited a 
noticeable ability to control corrosion. It is characterized by the existence of oxygen 
(of alcohol and ether functional groups) and nitrogen (of amine group) atoms 
within its backbone chain. These sites are known to act as the effective centers of 
adsorption to metallic substrates. Chitosan can be obtained by the deacetylation of 
chitin (Figure 1(b)), a natural polysaccharide and the main structural component 
of crustacean exoskeletons, and is soluble in acid media as compared to chitin, 
which is a highly insoluble and a non-reactive biopolymer [15]. Furthermore, chito-
san exhibits a polycationic character and is non–toxic and biodegradable [16, 17].

Recently, the application of chitosan-based compound as ecofriendly corrosion 
inhibitor was extended to the use of its functionalized form instead of pure one. 
Such tendency aims to decorate chitosan backbone with particular functional motifs, 
generally, through the chemical modification of the amino groups. Furthermore, 
the enhancement of chitosan capability for protection purposes has been also 
attained via its combination with other chemical materials to prepare nanoparticle 
composites, which are served to act as the effective coatings to mitigate corrosion. In 
this context, it has been reported that the combination of nano-scaled organic and 
inorganic fillers can successfully improve mechanical, adhesion and barrier qualities 
of polymer coatings [18]. Among the used additives in the matrix of chitosan-based 
coatings, there are zinc oxide, graphene oxide and hydroxyapatite nanoparticles.

On this basis, we aimed in the present chapter to shed more light on the merits to 
employ different chitosan forms as sustainable compounds for corrosion controlling 
of metallic materials in different aggressive environments.

Figure 1. 
Molecular structure of (a) chitosan and (b) chitin bio-macromolecules.
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2. Application of pure chitosan form as corrosion inhibitor

Chitosan is a naturally occurring polymer that meets the requirements to be 
classified as a green corrosion inhibitor, which is a low-cost alternative of widely 
used inhibitors in industrial applications. The solubility of inhibitor into the target 
corrosive media is one of among key prerequisites that judges its utilization. For 
instance, such property has limited the use of chitin biopolymer as a corrosion 
inhibitor. In this regard, temperature, degree of deacetylation, solution’s pH and 
molecular weight are the main factors affecting the solubilization of chitosan in the 
aqueous media. For instance, at the higher temperatures, with higher molecular 
weight (>29.2 kDa) and lower deacetylation degree, low water-solubility of pure 
chitosan was observed [19, 20].

As an inhibiting additive, pure chitosan has been reported to act as an effective 
retarder of corrosion in different aggressive environments, namely saline and acidic 
solutions, as well as natural ones such as seawater. Up to now, pure chitosan compound 
is widely applied for iron and its alloys, like mild steel and carbon steel. This particular 
attention owing to the fact that these metallic materials are extensively used in numer-
ous industrial applications in which their corrosion is more intense. Table 1 collects 
the obtained inhibition efficiency (IE) for pure chitosan for some metallic materials 
in different corrosive environments. From tabulated data, it is clear that pure chitosan 
can act as a potent ecofriendly corrosion inhibitor even in the most aggressive environ-
ments. This is attributed to the formation of a protective layer upon the metal surface, 
which prevents it attack by the aggressive species present in the solution.

As mentioned above, the molecular weight of chitosan biopolymer can affect its 
solubility, consequently, the attained prevention efficiency. In this context, lower 
inhibition efficiency has been obtained for mild steel in seawater employing chitosan 
with higher molecular weights [28]. Furthermore, the role of exposure time to the 
corrosive solution on the ability of pure chitosan to reduce metallic dissolution was also 
evaluated. In the CO2-saturated saline environment, the extension of immersion time 
has implied an improvement in the inhibitive action of chitosan [29]. In another study, 
the opposite behavior is outlined from which the reduction of the inhibition efficiency 
is attributed to the destruction of the dense adsorbed film on the metal surface at 
longer exposure times [30]. Concerning the influence of temperature on the inhibition 
process of pure chitosan, there is no commune agreement, which a favorable effect is 
observed by some researchers, whereas the opposite one is reported by other ones [26].

To improve the inhibition property of pure chitosan form for some metal/solution 
systems, the synergistic corrosion inhibiting effect was applied. In this enhancement 

Metallic material Aggressive medium IE(%) at [chitosan] Ref.

mild steel 0.1 M HCl 93% at 1.8 mM [21]

carbon steel 1.0 M HCl 93% at 5000 ppm [22]

mild steel 3.65% NaCl 90% at 1.2 wt% [23]

copper 1.0 M HCl 87% at 0.1 mg L−1 [24]

copper Synthetic seawater +20 ppm Na2S 89% at 800 ppm [25]

316 austenitic 0.1 M HCl 71% at 11 mM [26]

mild steel 0.1 M HCl 69% at 4 μM [27]

Table 1. 
Some works on the use of pure chitosan form as corrosion inhibitor.
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is widely applied for iron and its alloys, like mild steel and carbon steel. This particular 
attention owing to the fact that these metallic materials are extensively used in numer-
ous industrial applications in which their corrosion is more intense. Table 1 collects 
the obtained inhibition efficiency (IE) for pure chitosan for some metallic materials 
in different corrosive environments. From tabulated data, it is clear that pure chitosan 
can act as a potent ecofriendly corrosion inhibitor even in the most aggressive environ-
ments. This is attributed to the formation of a protective layer upon the metal surface, 
which prevents it attack by the aggressive species present in the solution.

As mentioned above, the molecular weight of chitosan biopolymer can affect its 
solubility, consequently, the attained prevention efficiency. In this context, lower 
inhibition efficiency has been obtained for mild steel in seawater employing chitosan 
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evaluated. In the CO2-saturated saline environment, the extension of immersion time 
has implied an improvement in the inhibitive action of chitosan [29]. In another study, 
the opposite behavior is outlined from which the reduction of the inhibition efficiency 
is attributed to the destruction of the dense adsorbed film on the metal surface at 
longer exposure times [30]. Concerning the influence of temperature on the inhibition 
process of pure chitosan, there is no commune agreement, which a favorable effect is 
observed by some researchers, whereas the opposite one is reported by other ones [26].

To improve the inhibition property of pure chitosan form for some metal/solution 
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strategy, additional compounds such as cations and anions species are added into 
the corrosive solution with chitosan. As result, remarkable enhancement of protec-
tion capabilities of chitosan is pointed out. For instance, the combination of pure 
chitosan (200 ppm) with 5 ppm of KI was led to a significant improvement of the 
inhibition efficiency for mild steel in acidic solution, which 90% prevention percent-
age was achieved instead of 74% in the case of chitosan alone [31]. In this regard, 
a similar tendency is noted for another steel variety, i.e. St37 steel, in concentrated 
sulfuric acid solution in which 92% inhibition efficiency is attained [32]. On the 
other hand, it was found that the adsorption mechanism of chitosan onto metal 
surface depends on the adopted circumstances. Chitosan can adsorb on the metal 
surface either via physisorption or chemisorption modes [22, 27].

3. Functionalized chitosan forms as anti-corrosion agents

The current trend in the use of chitosan-based compounds as corrosion inhibi-
tors is its functionalization, afterward its application. This novel approach aims to 
increase the solubilization of these bio-compounds in almost corrosive media and 
to enhance their adsorption and adhesion abilities to the metallic surface. In this 
respect, further polar functional groups are attached to the chitosan molecular 
skeleton. The chemical modifications of chitosan biopolymer are often performed 
at amine group, which is an active site. As result, various chitosan-based deriva-
tives with different structural compositions have been synthesized and then used 
to retard or suppressed metal corrosion in different aggressive environments. Even 
the simplest chitosan derivative, i.e. carboxymethyl chitosan (Figure 2(a)), an 
improved inhibition efficiency is attained as compared to the pure chitosan form, 
which is increased from 23 to 38% for steel in wastewater liquids [33].

Depending on the molecular structure, functionalized chitosan-based inhibiting 
additives could be classified into several categories, namely, chitosan Schiff bases, 
chitosan surfactants, triazole modified chitosan, chitosan polymeric salts, PEG 
cross-linked chitosan, carboxymethyl hydroxypropyl chitosan, chitosan thiocarbo-
hydrazide, acid grafted chitosan, acetyl thiourea chitosan, polymer and biomaterial 
grafted chitosan. Here, we limit to present the inhibition activity of the three first 
functionalized chitosan sets.

During the last decade, Schiff bases class compounds have been attracted excep-
tional attention to be applied in the field of corrosion inhibition owing to the pres-
ence of imine linkage, i.e. −CH=N–. They are reported to act as potent anti-corrosion 
compounds for different metallic materials, especially in acidic solutions [34]. In this 
respect, the synthesis of chitosan Schiff bases derivatives via condensation reaction 
and/or under microwave irradiations are conducted. It was found that the introduc-
tion of Schiff bases functional group into the chitosan skeleton leads to a significant 
enhancement in the inhibition property and film adhesion of polymer on the metal 
surface. Generally, the achieved prevention efficiencies using those chitosan-based 
derivatives were higher than 80%, which outlined that chitosan Schiff base could be 
an appropriate candidate to employ as effective anti-corrosion agents [35]. Recently, 
three chitosan Schiff bases derivatives (CSB-1, −2 and − 3, Figure 2(b)) have been 
synthesized under microwave irradiations and tested as corrosion inhibitors for mild 
steel in acidic solution. According to the obtained experimental data, these modified 
chitosan compounds were exhibited significant tendencies to reduce metallic cor-
rosion even at a lower concentration, which the supreme prevention efficiencies of 
91, 87 and 85% (at 50 ppm) were attained for CSB-3, −2 and − 1, respectively [36]. 
Another chitosan-modified Schiff base, namely, the salicylaldeyde-chitosan Schiff 
base (Figure 2(c)), has been reported to act as a good inhibitor (IE(%) = 95.4% at 
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150 ppm) for J55 steel-variety in 3.5% NaCl solution saturated with carbon dioxide at 
elevated temperature. The merits of developed functionalized chitosan including its 
eco-friendly aspect, safe, simple and cheap synthesize of used Schiff base, as well as 
the improvement of inhibitor solubility compared to unmodified chitosan. All these 
listed advantages make salicylaldeyde-chitosan Schiff base as a good anti-corrosion 
agent for the oil and gas industries [37].

Surfactant is a surface-active agent that characterizes by the presence of hydro-
philic and hydrophobic groups per molecule. These chemical compounds are largely 
served as effective corrosion inhibitors in the petrochemical industry dues to their 
affinity to be oriented at the metal/solution interface. In 2012, over 26% was the 
demand for surfactants as anti-corrosion components only for the petrochemical 
industry, as well as this request grew by 4.1% per year [38]. To combine the attrac-
tive anti-corrosion property of surfactant set with chitosan biopolymer, several 
chitosan-surfactants macromolecules are synthesized and then evaluated as poten-
tial retarders of corrosion. In this regard, the introduction of hydrophobic moiety 
into the chitosan skeleton has been led to an increase of its hydrophobic property to 
become surface-active polymers, which in result an enhancement of the prevention 
capability of chitosan. For instance, a sequence of seven modified hydrophobically 
chitosan surfactants were produced and their anti-corrosion property is measured 
for carbon steel in acid medium. As compared to the pure chitosan, good inhibition 
efficiencies between 93 and 74% (at 250 ppm) are achieved for those surfactants 
functionalized chitosan derivatives [39]. It was found that carboxymethyl chitosan 
thio-derivative provides the highest protection. This finding is related to its high 
surface activity and the presence of more active adsorption centers within its 
molecular skeleton as well.

Figure 2. 
Molecular structure of some chitosan derivatives used as corrosion inhibitors.
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A wide range of organic heterocyclic molecules has been employed to face against 
metallic corrosion. In this context, azole-based compounds have shown an excellent 
capacity to act as good anti-corrosion compounds for several metallic materials in 
different corrosive environments, especially in acidic ones. The latter molecule set 
includes N-azole, thiazole and oxazole cyclic molecules with different architectures 
[40]. The chemical incorporation of azole moieties or their derivatives into the chito-
san backbone has shown excellent results in terms of inhibition efficiency. Recently, 
a novel triazole modified chitosan (Figure 2(d)) has been reported to act as an 
efficient retarder of carbon steel corrosion, which a maximum inhibition efficiency 
of 97% is reached using just 200 ppm of developed chitosan derivative [41]. The 
benefic effect of this triazole-modified chitosan biomacromolecule against corrosion 
can be revealed from the reported scanning electron microscopy (SEM) images as 
depicted in Figure 3. It is clear from Figure 3(a) that the morphology of carbon steel 
surface is more rough and damaged in the absence of modified chitosan inhibitor. 
Nevertheless, in its presence (Figure 3(b)) the morphology of steel surface become 
smoother, which supports the protection capacity of the developed chitosan deriva-
tive. In this work, it was found that the synthesized compound could block cathodic 
sites at the metal surface via the physical and chemical adsorption process.

In addition to the amine group, i.e. –NH2, the functionalization of chitosan can 
be also carried out on both extra-functional groups including –OH group. This 
approach to amplify the inhibiting effect of chitosan has been attracting inter-
est. We can list the example of poly (N-vinyl-imidazole) grafted carboxymethyl 
chitosan (Figure 2(e)), which is a polymer grafted chitosan. The newly synthesized 
chitosan derivative has exhibited interesting corrosion protection for steel metal in 
acid solution [43].

4. Using chitosan-nanoparticle composite form for metal protection

Chitosan composites have mainly been applied as inhibiting coatings and 
are used for corrosion protection purposes in different media. Some works have 
reported the preparation of composite coatings with chitosan to obtain protective 
systems to metal substrates [42, 44, 45]. To improve the anti-corrosion properties 
of the polymeric matrix, it is necessary to invest in improving the mechanical and 
 adhesion properties through the incorporation of inorganic and organic fillers.  
It is reported that Nano-scaled fillers imply better barrier properties in the polymer 

Figure 3. 
SEM images of carbon steel surface (a) without and (b) with the addition of developed triazole-modified 
chitosan at 200 ppm [42].
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coatings compared to the micron-size additives [15]. In general, a schematic for 
composite formation is shown in Figure 4.

Biopolymer chitosan-based nanocomposite coatings have been investigated for 
protection against copper corrosion [46]. Coatings are composed of chitosan matrix 
with 2-mercaptobenzothiazole and silica nanoparticles. Overall, the combination of 
the organic corrosion inhibitor and inorganic nanoparticles enhanced the protec-
tion efficiency of chitosan coatings, which is an important advance toward develop-
ing sustainable corrosion protection coatings for different metals.

Several researchers have reported the viability of chitosan composites films e.g. 
chitosan/ZnO nanoparticle composite for protection against corrosion for steel 
[47, 48] and bio-corrosion inhibition for S150 carbon steel [49]. All of these studies 
showed that the quality of the chitosan film was improved due to the addition of 
ZnO nanoparticles. Another study [50] evaluated and compared corrosion protec-
tion of carbon steel using two different systems of chitosan e.g. oleic acid-modified 
chitosan-graphene oxide composite coating and pure chitosan coating. In this 
case, it was observed that the corrosion protection of oleic acid-modified chitosan-
graphene oxide composite coating improved by 100 folds when compared with pure 
chitosan coating. Thus, oleic acid-modified chitosan-graphene oxide composite is 
more effective in corrosion protection of carbon steel.

Another composite coating [51] consisting of graphene oxide-chitosan-silver on 
Cu-Ni Alloy with enhanced anti-corrosive and antibacterial properties show gra-
phene oxide retards the diffusion of corrosive ions to the substrate and minimizes 
the electron transport between the electrolyte and metal, while chitosan prevents 
the galvanic coupling of graphene oxide with the metal surface [51].

The system chitosan/hydroxyapatite nanoparticle composites revealed that 
they could inhibit corrosion in steel, however, it was found that the combination 
of chitosan/hydroxyapatite nanoparticle with other species provides more effec-
tive protection against corrosion [52–54]. Different composites such as chitosan/
hydroxyapatite-Mg [55], chitosan/hydroxyapatite-Si [56], chitosan/hydroxyapatite-
multiwalled carbon nanotube [57], chitosan/hydroxyapatite-CaSiO3 [58], and 
chitosan/hydroxyapatite-cellulose acetate [59] were synthesized and tested as 
corrosion protective layers. The composites chitosan/hydroxyapatite-Mg, chitosan/
hydroxyapatite-Si, chitosan/hydroxyapatite-CaSiO3 and chitosan/hydroxyapatite-
cellulose acetate demonstrated that the insertion of the third component exhibit a 
representative improvement in the corrosion protection of the chitosan/hydroxy-
apatite nanoparticle composite, except for composite chitosan/hydroxyapatite-
multiwalled carbon nanotube. Consequently, it could be expected that the presence 
of carbon nanotubes in any non-conductive polymer coating provides lower 
protection against corrosion.

Figure 4. 
Schematic presentation of chitosan-nanoparticles composites formation process.
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coatings compared to the micron-size additives [15]. In general, a schematic for 
composite formation is shown in Figure 4.

Biopolymer chitosan-based nanocomposite coatings have been investigated for 
protection against copper corrosion [46]. Coatings are composed of chitosan matrix 
with 2-mercaptobenzothiazole and silica nanoparticles. Overall, the combination of 
the organic corrosion inhibitor and inorganic nanoparticles enhanced the protec-
tion efficiency of chitosan coatings, which is an important advance toward develop-
ing sustainable corrosion protection coatings for different metals.

Several researchers have reported the viability of chitosan composites films e.g. 
chitosan/ZnO nanoparticle composite for protection against corrosion for steel 
[47, 48] and bio-corrosion inhibition for S150 carbon steel [49]. All of these studies 
showed that the quality of the chitosan film was improved due to the addition of 
ZnO nanoparticles. Another study [50] evaluated and compared corrosion protec-
tion of carbon steel using two different systems of chitosan e.g. oleic acid-modified 
chitosan-graphene oxide composite coating and pure chitosan coating. In this 
case, it was observed that the corrosion protection of oleic acid-modified chitosan-
graphene oxide composite coating improved by 100 folds when compared with pure 
chitosan coating. Thus, oleic acid-modified chitosan-graphene oxide composite is 
more effective in corrosion protection of carbon steel.

Another composite coating [51] consisting of graphene oxide-chitosan-silver on 
Cu-Ni Alloy with enhanced anti-corrosive and antibacterial properties show gra-
phene oxide retards the diffusion of corrosive ions to the substrate and minimizes 
the electron transport between the electrolyte and metal, while chitosan prevents 
the galvanic coupling of graphene oxide with the metal surface [51].

The system chitosan/hydroxyapatite nanoparticle composites revealed that 
they could inhibit corrosion in steel, however, it was found that the combination 
of chitosan/hydroxyapatite nanoparticle with other species provides more effec-
tive protection against corrosion [52–54]. Different composites such as chitosan/
hydroxyapatite-Mg [55], chitosan/hydroxyapatite-Si [56], chitosan/hydroxyapatite-
multiwalled carbon nanotube [57], chitosan/hydroxyapatite-CaSiO3 [58], and 
chitosan/hydroxyapatite-cellulose acetate [59] were synthesized and tested as 
corrosion protective layers. The composites chitosan/hydroxyapatite-Mg, chitosan/
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As shown previously, the use of chitosan-nanoparticle composites led to 
improvements in the corrosion protection of different surfaces, i.e. copper and 
steel. Bahari et al. [46] concluded that addition of nanoparticles contributes to the 
reduction in swelling of chitosan coatings and crosslinked chitosan coatings are 
superior to the non-crosslinked ones vis-a-vis in mitigation of corrosion of cop-
per surface. When, John et al. [47] concluded that mitigation of corrosion of mild 
steel by nanostructured chitosan/ZnO nanoparticle films was obtained based on 
chemical stability, oxidation control of coatings. Therefore, the process of corrosion 
control depends on the structure of the coating (polymeric matrix, crosslinking, 
adhesion, among other parameters).

5. Conclusion

Efficient inhibitors and organic coatings are able to extend the life of some 
metal surfaces. Chitosan is a component with a high potential for protection against 
corrosion of metals when exposed to corrosive media. In the first stage, the pure 
chitosan form is used to omit the corrosion of numerous metallic-based materials. 
Nevertheless, the lower water-solubility of this biopolymer was limited to its appli-
cation and its utilization to a broad aggressive media range such as near-neutral 
solutions. Although, such weakness can overcome and the prevention performance 
of chitosan can be improved through different functionalization demarches. 
Furthermore, chitosan can be combined with the other materials to develop new 
chitosan-nanoparticles composites that can apply as coatings.

© 2021 The Author(s). Licensee IntechOpen. 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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Chapter 12

Modified Chitosan Forms for Cr 
(VI) Removal
Şerife Parlayici and Erol Pehlivan

Abstract

The forms of utility in the wastewater treatment of chitosan-based adsorbents 
acquired from natural substances have attracted numerous attentions in recent 
years. The use of chitosan modified adsorbents for removal of the chromium has 
aroused great interest. When chitosan-based modified adsorbents are considered, 
they have got large amount of an amino (-NH2) and hydroxyl (-OH) functional 
groups. Such adsorbents display that they have high activity and therefore they may 
be extensively utilized in wastewater treatment plants to cast off chromium. In this 
chapter, the utility outcomes of chitosan-based substances will be explained after 
applying different parameters to remove Cr (VI) from the aqueous surrounding 
with the information obtained the use of batch adsorption systems. Application of 
various chitosan-based adsorbents for Cr (VI) removal application will be demon-
strated in a detailed way and they will be discussed within the textual content.

Keywords: adsorption, chitosan, Cr (VI), modification

1. Introduction

There is an increasing demand for new materials of natural origin to remove 
metal ions which include chromium from industrial liquid waste. Many researchers 
have evaluated and implemented the possibility of the usage of renewable-based 
materials to get this element. Cellulose, starch, pectin or crusted shell waste such 
as chitin and chitosan (Cts), which are polysaccharides as a class of natural mac-
romolecules. They’re exceedingly bioactive substances in the removal of water 
pollutants and are commonly derived from marine crustaceans and agricultural raw 
substances or by-products [1, 2].

There are thousands of different chemicals, physical and biological processes 
occurring between the solid adsorbent surface and the adsorbate. In the adsorp-
tion process, the active interactions occurring at the adjacent intermediate surfaces 
between a solid adsorbent and certain toxic metal solution and the changes in its 
concentration between both phases stand out. Biopolymers can be thought of as a 
polymer that we are used to (such as proteins, lignin, polysaccharides, chitin, chi-
tosan, cellulose and hemicellulose) and originate from living organisms in nature. 
These polymers are often found in sources of carbon origin and are mostly derived 
from carbohydrates. Origins of some biopolymers are shown in Figure 1.

There have been numerous articles on chitin and Cts in recent years and it is 
more directed towards applications of these polymers and their modification. Some 
biological activities exhibited through such polymers, specially Cts and its deriva-
tives which include biocompatibility, biodegradability, low toxicity, mucousness 
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Figure 2. 
Field of application of Cts.

and antimicrobial activity have attracted interest in medicine, pharmacy, biomedi-
cal and health-related applications [1, 3, 4]. Numerous Cts-based materials were 
produced such as nano and microparticles, gels, sponges, films and membranes [4]. 
They have created an efficient field of application for drug delivery, wound healing 
and tissue regeneration applications.

Figure 1. 
Biopolymer classification: Animal, agro, and protein origins.
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The biggest advantage of chitin and Cts is that they are a renewable resource 
and an environmentally friendly natural biopolymer. With these features, it has 
been used in many different sectors in recent years. Cts attracts more attention 
compared to chitin because it is commercially available and can be used in many 
forms. Application areas of Cts can be listed as pharmacy (controlled drug release), 
medical (bandage), wastewater treatment, biotechnology, cosmetics, food, textile 
and agriculture (Figure 2).

2. Chitosan

2.1 Sources of chitin and chitosan

Chitin is usually found in nature in seaweeds, protozoa (flagellates, amoebic 
ciliates, etc.), selenterals, mollusks, arthropods, bacteria, fungi, insects and some 
plants. The richest sources of chitin are; crab, shrimp, lobster and crayfish shells. 
Chitin biopolymers of animal origin are mainly found in animals. Chitin is the most 
considerable polysaccharide on the planet. Due to its strong hydrogen bonds and 
high crystal property of its cohesive structure forces, chitin is an insoluble sub-
stance in normal solvents, including water and organic matter [5]. Cts is abundant 
in marine or terrestrial animals such as crustaceans, insects, mollusks and fungi 
[6] without a backbone, such as various insects and marine diatoms. Commercial 
production of Cts by alkaline hydrolysis by extracting chitin from shrimp shell 
waste has been carried out by a group scientist [3, 6].

2.2 Chitosan production

Cts is obtained from chitin. Rouget became aware of Cts in 1859 while conduct-
ing experimental activities on deacetylated forms of chitin [7]. Cts is obtained from 
waste shrimp and crab shells from the seafood industries by chemical methods 
in industrial processes around the world [4]. Basic structure properties of Cts are 
related to its molecular weight and degree of deacetylation. The crystallinity of Cts 
is important in classifying its particle size, moisture and ash content, which is based 
on its surface morphology properties. The solubility, antibacterial, polycationic 
character, biocompatibility and bio adhesiveness of Cts are the basis that define the 
Cts structure and application areas [8, 9].

Chemical modifications of Cts have been extensively described in recent studies. 
Cts contains the reactive amino (-NH2) and hydroxyl (-OH) groups in its structure 
and can very easily be converted into new modified forms. The presence of amino 
groups in the Cts matrix (deacetylation degree) in macromolecular chains indicates 
that Cts has a polycationic property in acidic aqueous solutions. The protonation 
of amino groups in the polymer structure seriously affects the structure of macro-
molecules in solutions, and it is known that the structure behavior may be managed 
through changing the pH or ionic strength of the solution it is in.

Cts production is carried out by two basic methods, chemically and biologically. 
Classically, the chemical method is the method in which physical and chemical 
methods are used together. Chemical method; the isolation of the chitin is car-
ried out by removing other substances in the shell. The procedures for this can be 
grouped under four main steps:

1. Preparation of shells.

2. Demineralization (removal of minerals).
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3. Deproteinization (removal of proteins).

4. Decoloration (removal of pigments). These stages are given in Figure 3.

Biological methods are processes that can be examined under several headings. 
Cell cultures of various organisms such as Mucor rouxii, Phycomyces blakesleeanus 
are used in the microbial synthesis of Cts. The product obtained is developed by 
adding Aspergillus niger to the culture medium. Thus, this production mechanism 
also leads to the deacetylation of the Cts. Cts is obtained at the end of the 96-hour 
incubation period [10]. As a biological method, the use of proteolytic enzymes 
such as pepsin, trypsin, protease, proteinase and papain in protein removal can 
be counted [11]. Today, many other polymers used in industry are produced syn-
thetically. Synthetic polymers have limited biocompatibility and biodegradability 
compared to Cts, a natural polymer.

2.3 Resolution of chitosan

Chitin is insoluble in dilute acids and many organic solvents. Because it is a 
semi-crystalline polymer and has a large amount of intramolecular and intermo-
lecular hydrogen bonds in its structure. The effect of changes in the N-acetyl-D-
glucosamine and D-glucosamine groups on solubility is shown in Figure 4.

The solubility concerning chitosan in a range of solvents and its polycationic 
properties are essential for the advent of chitosan derivatives and the use of them 
in many different applications. Many different factors are taken into account to 
control the solubility of Cts in aqueous solutions. These are the result of apply-
ing certain parameters such as temperature, alkali concentration, type and 

Figure 3. 
General steps for chitin and Cts production.

249

Modified Chitosan Forms for Cr (VI) Removal
DOI: http://dx.doi.org/10.5772/intechopen.96737

concentration of acid, pH, deacetylation time, previous treatments applied to 
chitin isolation and chitin particle size, etc. Cts is regarded as a strong base as 
it has amino groups with a pKa value equal to 6.3. Cts dissolves easily in dilute 
acid solutions below pH 6.0. It is a reality that the amino groups in the chitosan 
structure have significantly changed its charged state and its properties. H+ ions 
present in low pH solutions protonate the NH2 groups of Cts and causes the 
formation of (NH3)+. Thus, Cts has a polycationic biopolymer structure. This 
situation turns Cts into a very easily soluble polyelectrolyte in acidic medium. The 
most functional amine groups of Cts are protonated in low pH buffer solution. On 
the other hand, Cts amines are transformed to deprotonated form as the pH rises 
above 6 and the polymer loses its charge and becomes insoluble in basic solutions 
[12, 13]. The soluble–insoluble transition forms at its pKa value between pH 6.0 
and 6.5. The soluble and insoluble situation of Cts in aqueous media occurs pKa 
valued around pH between 6 and 6.5. pKa is considered to be significantly depen-
dent on the degree of N-acetylation, hence Cts solubility varies depending on the 
deacetylation method applied [14]. Acetic formic, formic acid, lactic acids and 
organic acids are the most commonly used solvents. They can easily dissolve Cts 
as it is easily converted into quaternary nitrogen salts in aqueous solution at low 
pH values [15]. Cts, on the other hand, can be easily dissolved in some solutions 
(formic acid, acetic acid, etc.) at pH <6 due to its cationic structure. Considering 
the best solvents, it has been found that it is the formic acid from which solutions 
are obtained in aqueous systems containing 0.2–100% formic acid. 1% acetic acid 
solution around pH 4.0 has been applied as the most utilized solvent in the Cts 
applications [15]. Likewise, Cts is very easily soluble in hydrochloric acid and 
dilute nitric acid solutions, however insoluble in sulfuric and phosphoric acids. 
These acids are not shown since they can break the chitosan polymeric chains pro-
moting depolymerization. Cts is very difficult to break up in organic solvents, for 
example, dimethylformamide and dimethyl sulfoxide. Its solubility in the acidified 
polyol is generally very excellent [15, 16].

2.4 Cross-linkers used for chitosan cross-linking

Cts is soluble in both organic and mineral acids. This is a limiting parameter 
for industrial applications in wastewater treatments. By using different chemical 
reagents in the cross-linking process, the structure of Cts is strengthened mechani-
cally and chemically (Figure 5). The chemical modification of Cts can be done for 
two purposes:

a. To prevent the dissolution of the polymer when metal adsorption or metal 
desorption is performed in acidic solutions,

b. To increase the metal adsorption properties (increase in adsorption capacity or 
increase in adsorption selectivity).

Figure 4. 
Nature of Cts below its pKa.
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present in low pH solutions protonate the NH2 groups of Cts and causes the 
formation of (NH3)+. Thus, Cts has a polycationic biopolymer structure. This 
situation turns Cts into a very easily soluble polyelectrolyte in acidic medium. The 
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and 6.5. The soluble and insoluble situation of Cts in aqueous media occurs pKa 
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organic acids are the most commonly used solvents. They can easily dissolve Cts 
as it is easily converted into quaternary nitrogen salts in aqueous solution at low 
pH values [15]. Cts, on the other hand, can be easily dissolved in some solutions 
(formic acid, acetic acid, etc.) at pH <6 due to its cationic structure. Considering 
the best solvents, it has been found that it is the formic acid from which solutions 
are obtained in aqueous systems containing 0.2–100% formic acid. 1% acetic acid 
solution around pH 4.0 has been applied as the most utilized solvent in the Cts 
applications [15]. Likewise, Cts is very easily soluble in hydrochloric acid and 
dilute nitric acid solutions, however insoluble in sulfuric and phosphoric acids. 
These acids are not shown since they can break the chitosan polymeric chains pro-
moting depolymerization. Cts is very difficult to break up in organic solvents, for 
example, dimethylformamide and dimethyl sulfoxide. Its solubility in the acidified 
polyol is generally very excellent [15, 16].

2.4 Cross-linkers used for chitosan cross-linking

Cts is soluble in both organic and mineral acids. This is a limiting parameter 
for industrial applications in wastewater treatments. By using different chemical 
reagents in the cross-linking process, the structure of Cts is strengthened mechani-
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The modifications carried out in the structure of Cts are aimed to further 
improve its biological and chemical properties and to change its solubility in the sol-
vent or aquatic environment to be used. The behavior of Cts chains in diluted acids 
has been studied and at higher ionic strength or lower pH values, amino groups will 
undergo a higher protonation. In these cases, the macromolecules have been found 
to behave more like stiff rods [17, 18]. Cross-linking process can be applied by the 
reaction of Cts with different crosslinking agents such as glutaraldehyde, epichloro-
hydrin, polyethyleneimine etc. (Figure 5). Today, there are many activating agents 
and newly developed methods. Glutaraldehyde is widely used crosslinking agent 
because it is cheap and very effective crosslinker. Glutaraldehyde, a linear 5-carbon 
dialdehyde, is transparent and colorless [19]. It is an oily liquid with a pungent 
odor that can be dissolved in water, alcohol and organic solvents in all proportions. 
Chemical stability may be enhanced through chemical procedures which include 
crosslinking with glutaraldehyde for utility in a chemically acidic environment 
(Figure 6). By means of developing new bonds between Cts chains, the polymer is 
proof against dissolution even in strong solutions such as hydrochloric acid solu-
tion. In addition, the reality that Cts includes amine groups is an essential factor 
in being a good adsorbent. It is possible to observe an increase in the adsorption 

Figure 5. 
Schematic representations of the cross-linking reaction of Cts with cross-linking agents.

Figure 6. 
Schematic representation of the cross-linking reaction of Cts with glutaraldehyde [20].
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capacity by increasing the amine groups. The most important advantage of glutar-
aldehyde is the presence of suitable amino groups that perform the binding on Cts 
surfaces [21, 22]. Adding cross-links to the structure of Cts gives it a solid three-
dimensional structure. To form cross-linked Cts, chemicals with a wide variety of 
groups are used to form the cross-link structure. Condensation reaction resulting 
from the reaction between an aldehyde function and a primary amine group from 
the Cts chain. It quickly joins the matrix structure of Cts.

There may be the opportunity to apply mono-functional reagents (epichlo-
rohydrin) by opening the ether group for grafting to an amine function through 
the Schiff base reaction, which is likewise capable of react, at the same time the 
chloride group then interacts with different functional groups or other amines. 
Tri-polyphosphate is also selected as a possible cross-linking agent, which may be 
used to prepare Cts gel beads by its coagulation and neutralization impact.

3. Adsorption of Cr (VI) using chitosan-based materials

3.1 Toxicity of chromium

The toxicity of chromium compounds varies according to the pH, temperature 
and oxidation step. Cr (VI) ions are much more toxic than chromium (III) (Cr (III)) 
in terms of toxicity [23, 24]. EPA’s threshold limit value is 10 times lower than Cr 
(III). When Cr (VI) solution mixes with seawater, it prevents some aquatic plants 
from photosynthesis, reduces reproduction in fish and can cause fish death. Cr (VI) 
causes burns in human body, in case of contact, causing irritation, wounds and 
ulcers on the skin and respiratory tract [25]. Sensitivity to Cr (III) and Cr (VI) causes 
allergic reactions, redness in the eyes and nose, itching and rash. Taking Cr (VI) with 
the digestive system can cause ulcers, necrosis and death in the stomach and intes-
tines. The recommended Cr (VI) limit in drinking water is 0.05 ppm [26, 27]. One of 
the most important effects of Cr (VI), which is a very oxidizing substance, is that it 
causes lung cancer [28, 29].

3.2 Removal of hexavalent chromium

Chromium pollution is especially caused by chrome plating, automotive, leather 
and paint industry wastes [18]. Traditional refining methods used for chromium 
refining are not highly efficient, and these techniques require large amounts of 
chemicals and energy. Because they are costly, their use is impractical. Adsorption 
has superior properties in these aspects. In chromium treatment, the ability to use 
many different sources as adsorbents, such as plants, animal materials and various 
microorganisms, are easy to obtain, they can be produced by cheap and simple 
methods, regeneration ease and high removal efficiency are the features that make 
the adsorption approach preferred [23, 30].

Chemical precipitation, microfiltration, ultrafiltration, flotation, reduction, 
dialysis, membrane technologies, chelating, ion exchange, evaporation, solvent 
extraction, reverse osmosis, and adsorption can be listed among the methods used 
for dechroming of industrial wastewater [20]. In the selection of these methods, 
the acidic or basic character of the wastewater, the target envisaged for removal and 
recovery, the type and concentration of the chromium compound in the waste, the 
cost, chemical and energy consumption, the management of the waste generated by 
treatment and the removal efficiency should be taken into consideration.

The pH of the aqueous chromium influences the surface charge of the modi-
fied adsorbent, the degree of ionization and the adsorbate species. Depending on 
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the current pH, the Cr (VI) waste solution can be found in dichromate (Cr2O7
2−), 

chromate (CrO4
2−) and hydrogen chromate (HCrO4

−) forms. According to the pH 
of the Cr (VI) in aqueous solution varying ion types are given (Figure 7). HCrO4

− 
and Cr2O7

2− are the dominant species on the experimental concentration and these 
are the dominant components at a low pH. When the pH is excessive, CrO4

2− is 
the dominant component of Cr (VI), so the initial solution pH is an important 
parameter for the adsorption of chromium. Electrostatic attraction forces between 
positively charged adsorbent surface groups and anionic Cr (VI) types occurs. This 
is particularly more common because Cr (VI) are present as oxyanions (HCrO4

−, 
Cr2O7

2− and CrO4
2−) in solution phase. Positively charged adsorbent surface groups 

are formed as a result of the formation of both protonation or quaternization of the 
groups on the adsorbent matrix.

The equilibrium among the various Cr (VI) species may be represented by using 
Eqs (1), (2) and (3).

 − + −+2 4 4H CrO H HCrO  (1)

 − + −+ 2
4 4HCrO H CrO  (2)

 − − +2
4 2 7 22HCrO Cr O H O  (3)

A few other parameters affecting the adsorbent capacity; solution pH, equili-
bration time, temperature of solution, coexisting ions and adsorbent dosage 
concentration.

3.3 Application of various chitosan form for Cr (VI) removal

Cts modifications can be by physical methods or by chemical methods in which 
crosslinking or gridding of functional groups is performed. Cts can form perfect 
gels in the membrane, bead, capsule or different forms thanks to its ability to 
dissolve in organic acids and to combine with polyionic compounds. Four different 
methods are used to create Cts gels. These are solvent evaporation method, neu-
tralization method, cross-linking method and ionotropic gelation method. Among 
these methods, the neutralization method is the main method used in the prepara-
tion of spherical Cts beads of different sizes and pore properties. It is carried out by 

Figure 7. 
Chromium speciation as a function of pH.
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dropping Cts solution into NaOH and ethanol solution drop by drop. Since Cts is 
not soluble at high pH values, the drops become solid due to polymer precipitation.

The chelating property of Cts enables it to retain various metal ions. Cts is a 
polymer that has a wide range of uses in the removal of heavy metals from waste-
water systems, in the food industry, in the encapsulation of drugs that need to be 
released slowly or overtime, in cosmetics, agriculture, pulp and paper industry to 
have all these properties. Cts, a poly N acetyl glucosamine, contains cationic amino 
and polar hydroxyl groups, which are chemically reactive groups attached to the 
glucosamine chain it carries. These groups support immobilization methods such 
as adsorption and covalent bonding. Amino capability qualifies Cts for a lot of 
chemical reactions inclusive of quaternization, grafting, alkylation and reaction 
with carbonyl compounds. The presence of the hydroxyl group lets in Cts to form 
hydrogen bonding together with polar atoms, grafting, crosslinking, and some 
chemical reactions inclusive of O-acetylation [31].

Recently, more composite materials containing modified Cts used in chro-
mium removal have been reported. Eliodório et al. investigated the synthesis and 
characterization of Cts functionalized with three different ionic liquids and their 
application in Cr (VI) waste treatment [28]. Amino groups in Cts are significantly 
effective in the adsorption mechanism, especially when protonated at acidic pHs. 
Besides, intermolecular interaction is also effective. This phenomenon will increase 
the cationic ability on the Cts surface, facilitating the adsorption of negative groups 
via electrostatic interaction and improving the elimination of Cr (VI) (Figure 8). 
At acidic pHs, there has been a strong protonation of the amine groups that gave the 
Cts surface a positive character. Thus, the electrostatic attraction force between this 
positively charged surface and negatively charged anion (HCrO4

−) will boom and 
this could motive the increase of adsorption of Cr (VI).

Parlayıcı and Pehlivan inspect the adsorption of chromium ions on Cts doped 
with multiwalled carbon nanotubes (Cht-MWCNT) [32]. Under optimum 

Figure 8. 
Adsorption mechanism of chromium hexavalent [28].
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4 2 7 22HCrO Cr O H O  (3)
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Figure 7. 
Chromium speciation as a function of pH.
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dropping Cts solution into NaOH and ethanol solution drop by drop. Since Cts is 
not soluble at high pH values, the drops become solid due to polymer precipitation.
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glucosamine chain it carries. These groups support immobilization methods such 
as adsorption and covalent bonding. Amino capability qualifies Cts for a lot of 
chemical reactions inclusive of quaternization, grafting, alkylation and reaction 
with carbonyl compounds. The presence of the hydroxyl group lets in Cts to form 
hydrogen bonding together with polar atoms, grafting, crosslinking, and some 
chemical reactions inclusive of O-acetylation [31].
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mium removal have been reported. Eliodório et al. investigated the synthesis and 
characterization of Cts functionalized with three different ionic liquids and their 
application in Cr (VI) waste treatment [28]. Amino groups in Cts are significantly 
effective in the adsorption mechanism, especially when protonated at acidic pHs. 
Besides, intermolecular interaction is also effective. This phenomenon will increase 
the cationic ability on the Cts surface, facilitating the adsorption of negative groups 
via electrostatic interaction and improving the elimination of Cr (VI) (Figure 8). 
At acidic pHs, there has been a strong protonation of the amine groups that gave the 
Cts surface a positive character. Thus, the electrostatic attraction force between this 
positively charged surface and negatively charged anion (HCrO4

−) will boom and 
this could motive the increase of adsorption of Cr (VI).

Parlayıcı and Pehlivan inspect the adsorption of chromium ions on Cts doped 
with multiwalled carbon nanotubes (Cht-MWCNT) [32]. Under optimum 

Figure 8. 
Adsorption mechanism of chromium hexavalent [28].
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situations, maximum adsorption capacity of Cr (VI) determined by using 
Langmuir model have been improved 26.14 mg/g. When carbon nanotubes (CNT) 
is examined, carbon atoms are allotropes of carbon that have an aromatic surface 
while in a sp2-type hybridization rolled together like a tubular system (1D system) 
[33]. The structural properties of the CNT’s surface permit because of an intense 
together with solids having organic molecules through non-covalent forces, for 
example, hydrogen bonding, π–π stacking, electrostatic forces, van der Waals forces 
and hydrophobic interactions. Moreover, the CNT structure allows the incorpora-
tion of one or more chemicals functional groups and they can build selectivity and 
stability of the subsequent framework. The chemical functional groups may be 
anchored to CNT surface through functionalization or purification processes [34]. 
This carbon allotrope structure is an interesting nanostructure that harbors remark-
able electronic and mechanical properties that are directly dependent on chirality 
and diameter. Its excellent properties combined with unusual morphology make it 
extremely attractive for some many practical applications in wastewater systems; 
for example, with the improvement of solid composite materials for ideal adsorp-
tion, high impact ability, selectivity and productivity [35].

Cts-humic acid-graphene oxide (Cts-HA-GO) composite was produced 
(Figure 9) and the removal of toxic Cr (VI) ion from aqueous solutions was 

Figure 9. 
Preparation of Cts coated humic acid/graphene oxide composite beads.
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studied by batch equilibration technique [27]. The percentage adsorption was 
85.28% by using 200 ppm Cr (VI) and 2 g/L composite. Maximum adsorption of 
Cr (VI) ion has occurred at pH 2 value as 83.64 mg g−1.

Graphene oxide (GO)-based adsorbents are very useful substances because of 
the presence of functional groups on the surface of imparted for the duration of the 
oxidation of graphite. The presence of those groups is taken into considered best 
adsorbent for the use of graphene oxide for metal ion chelation because they show 
off hydrophilic properties due to hydrogen bond. Some other exciting magnificence 
adsorbents is GO-based adsorbent, mainly due to the plentiful –OH, –COOH and –
C=O functional groups on their surface imparted throughout oxidation of graphite. 
The presence of such groups makes GO an ideal adsorbent for metal ion chelation 
and outstanding hydrophilic properties owing to hydrogen bonding [36].

Humic acids (HA) are a principal component of humic substances, which are the 
significant constituents of soil, peat and coal. It is a perplexing combination of various 
acids containing carboxyl and phenolate groups so that the mixture acts functionally 
as a dibasic acid or, occasionally, as a tribasic acid. There are functional groups in the 
HA structure. These consist of various types of carboxylic (COOH), phenolic hydroxyl 
and carbonyl (C=O) structures. HAs have an extraordinary effect on metal adsorption 
as they have carboxyl and phenolic -OH groups that interact with various metal ions 
[37]. The carboxyl groups, which render the polymers negatively charged at neutral 
pH values, are in particular effective in complexing metal ions in aqueous solution.

Cts consists of a crystal phase and a non-crystalline (amorphous) phase [38]. 
Crystalline Cts molecules are in the form of layers and are tightly held by intra-layer 
hydrogen bonds (Figure 10). Fenton reaction was used to increase the Cr (VI) 
adsorption capacity of Cts [24]. With the Fenton modification, Cts both efficiently 
adsorbed Cr (VI) and converted it to less toxic Cr (III) over a wide pH range as a 
result of layer formation defined by a sandwich model. The highly reactive HO• 
destroyed the hydrogen bond in the Cts structure, and Fe3+ ions were chelated with 
the Cts biopolymer. After Fenton modification, HCrO4

4−entered the gap in the 
Cts structure and was adsorbed in the newly formed adsorption sites. The adsorp-
tion process of Cr (VI) using the Fenton modified Cts, adsorption isotherms of 
Freundlich were investigated and the adsorption capacity exceeded 120 mg/g.

Cellulose and lignin-based adsorbents are the most basic biopolymer widely used 
for toxic metal removal from wastewater. Cellulose exhibits natural qualities such as 
strength, reward, biodegradability, non-toxicity, and mechanical stability. However, 
cellulose is an odorless water-soluble linear polymer covalently bonded in its struc-
ture by the monomeric units of b-D-anhydroglucopyranose C1-C4 b-glycosidic bonds 
[39]. Due to its water solubility, it has some drawbacks in terms of being used as an 

Figure 10. 
The adsorption of Cr (VI) onto the Fenton modified Cts by a sandwich model [24].
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adsorbent in the raw structure; thus, it is made more suitable for adsorption applica-
tions by applying various functionalization techniques. Abundance, low cost and 
availability of various functions groups in agro-based byproducts (hydroxyl, car-
boxyl, carbonyl etc.) like shells, barks, straws, stem and seeds, they attract the atten-
tion of researchers to explore potential applications in the removal process of toxic 
metals from wastewater. These substances have the small surface area and their low 
stage of adsorption performance in wastewater treatment limits their implementation 
among their ordinary state. Valorization of agricultural waste in adsorption processes 
is an environmentally friendly approach for wastewater treatment studies. Parlayıcı 
and Pehlivan reported the preparation of glutaraldehyde crosslinked Cts coated 
Rosehip (Rosa canina) seed shell (Cts/RS) capsules to evaluate the adsorption of Cr 
(VI) ions from aqueous solution [40]. The data were fitted to the Langmuir adsorp-
tion isotherm. The maximum capacity of Cts/RS was determined as 34.13 mg/g.

Black sesame (Sesamum indicum L.) seed pulp (BSSP) and Cts (Cts)-coated 
black sesame seed pulp bead (Cts-BSSP) composite were produced (Figure 11) and 
tested to remove hexavalent chromium (Cr (VI)) during the adsorption process 
[23]. BSSP is an agricultural waste that has no economic value. After reaching 
equilibrium time, the Cr (VI) removal capacity was calculated as 31.44 mg/g for 
Cts-BSSP and 18.32 mg/g for BSSP. The results indicated the feasibility of using 
Cts-BSSP as adsorbents for the removal of Cr (VI) from aqueous medium.

Let us talk about the synergy in adsorption and reduction during removal of Cr 
(VI) from aqueous media by natural adsorbents. Anionic Cr (VI) is adsorbed onto 
protonated solid adsorbent surfaces preferentially by electrostatic bonding or anion 
exchange. When the strong redox nature of Cr (VI) is examined, it causes the adsor-
bent surface to oxidize while it is reduced to Cr (III). If the aqueous medium has acidic 
conditions and the presence of electrons is large, this further catalyzes the reduction. 
Heteroatoms such as; O, N and S in the adsorbent structure carry these electrons, 
making Cr (VI) easier to reduce. In the case of Cr (VI) adsorption, the chelation 
mechanism is very touchy to pH in the attachment of the metal by the adsorbent and 
it is generally found that no adsorption happens at low pH. Therefore, a simple change 
in the pH of the solution medium can reverse the adsorption reaction completely.

 +− − ++ + + =2 3
2 7 2 0Cr O 14H 6e 2Cr 7H O E 1.33 V  (4)

 ( )− − −+ + + = −2
2 7 2 03Cr O 4H O 3e Cr OH 5OH E 0.13 V  (5)

It has been determined that there are two feasible reduction mechanisms in 
the removal of Cr (VI) from aqueous solutions (Reaction 1 and Reaction 2). In 
mechanism I indicates that Cr (VI) will be reduced to Cr (III) in acidic conditions at 
some stage in adsorption. Mechanism II is an indirect reduction. Adsorbed Cr (VI) 
species take electrons from an adjoining location of the adsorbent mass to facilitate 
the reduction. Besides, reducing agents such as ferrous iron, zerovalent iron, and 
iron composites have also been used [29].

The physicochemical properties of Cts can be improved by making a stronger 
structure, especially by making a composite by chemical modification or the inclu-
sion of some strengthening agents. New adsorbents can also be formed by integrat-
ing into the Cts matrix with composite materials that allow continuous capture of 
toxic materials [41]. Clay mineral has a long enchanting history of metal-binding 
capacity while being used independently or combined with other natural polymers. 
Clay-biopolymer composites show excellent potential and high efficiency for the 
removal of chromium from aqueous solution. Parlayıcı prepared Cts coated perlite 
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composite beads (Figures 12 and 13) and investigated systematically the process 
parameters influencing the adsorptions of Cr (VI) ions [30].

Jiang et al. synthesized magnetic Fe3O4@SiO2–Cts (MFSC) biopolymers success-
fully by a simple cross-link method assisted and evaluated them for Cr (VI) removal 
[21]. The maximum adsorption capacities reported were 336.7 mg g−1. Chitosan was 
successfully coated with inert substrate perlite and prepared as spherical beads. 
In this modified form of chitosan, it exhibits two types of accessory mechanisms 
to remove Cr (VI) from the aqueous environment, one of which is electrostatic 
interaction and the other is a procedure involving reduction (Figure 14).

Figure 12. 
Preparation of Cts coated perlite beads.

Figure 11. 
Preparation of Cts-coated black sesame seed pulp beads (Cts-BSSP) [23].
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4. Conclusion

The main purpose of this article was to review some Cts based modified com-
posite adsorbents for the adsorptive removal of Cr (VI). Most adsorbents used for 
longer in its pristine form, but with few changes carried out. Superior properties 
of adsorbents can be achieved by functionalizing and converting them into com-
posite forms. The layers are formed by using different levels of polymers. Some of 
these layers are made up by different adsorbents, eg. Humic acid/graphene oxide, 
MWCNT/Cts, nanoparticle/Cts and Cts/perlite. Graphene oxide, nanoparticles and 
silica are known to have high surface areas, while biomass such as black sesame seed 
pulp and chitosan exhibit low surface area, but contain abundant functional groups. 
Cross-linking or modification is very effective in functionalization of adsorbents.

Features and development history together chromium toxicity, sources, removal 
mechanism from the aqueous medium, latest trends in composite adsorbent syn-
thesis and preparation were discussed at length. The interpretation of the Cr (VI) 
removal mechanism summarized in the text. It is possible to reach higher capacities 
to determine the appropriate conditions in studies with composite adsorbents. 
The adsorption of Cr (VI) alone electrostatically is not sufficient. If Cr (VI) is 
considered to be suitable for strong oxidation, it can be removed from the aqueous 
environment by finding sensitive electrons from the groups in Cts-based adsor-
bents to transform into Cr (III) form. Heteroatoms such as O and N responsible for 

Figure 13. 
Photograph images of Cts coated perlite beads (a) wet beads (b) dry beads.

Figure 14. 
Adsorption mechanisms involved in adsorption of hexavalent chromium onto Fe3O4@SiO2–Cts (MFSC) 
biopolymers [21].
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donating electrons are found in almost every Cts-based adsorbent structure. The 
removal mechanism of adsorbents is also affected by surface chemistry and physical 
properties in the Cr (VI) elimination process. Their high surface area properties, 
usability, porosity and cost effectiveness play an important role in increasing the 
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fied adsorbents together with Cts for Cr (VI) removal have been shown to possess 
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Chapter 13

Chitosan for Using Food 
Protection
Sadik Büyükyörük

Abstract

Chitosan is a collective name used for a group of compounds having various 
molecular weights, which are produced from chitin by partially or fully de-
acetylating and is prepared of β 1,4-linked glucosamine, and it is in deacetylated 
form of chitin acquired from fungi and/or crustaceans. Due its hydrophilic, cationic 
and biodegradable nature, chitosan has been cared for a biomaterial, medical, 
pharmaceutical, drug efficiency, textile, agricultural, food additive for preserving, 
wastewater clarification, plant pesticide agents and in wound healing. As a com-
pound obtained using various methods, the most prominent features of chitosan 
are attributable to its antimicrobial and antioxidant properties. Among all the 
antibacterial compounds from crustaceans, chitosan and its derivatives have been 
widely used for providing the safety of the foods (especially marine based foods) 
and shelf life extension. This study presents information about antibacterial activity 
of chitosan, its mode of action against microorganisms, factors affecting its antimi-
crobial property and its application in food industry and for public health.

Keywords: Antimicrobial activity, chitosan, food safety, mode of action,  
public health

1. Introduction

The discovery of chitosan dates back to 1811 when Professor Henri Braconnot, 
director of the botanical garden in Nancy, France, isolated what he called “fungine” 
from fungal cell walls. About 30 years before the isolation of cellulose, in 1823, 
Odier conducted a study on insects and found that the same structure was present 
in insects as well as plants. Odier later named the fungine “chitin” a word derived 
from Greek that means membrane or envelope. The concept of chitin became more 
understandable when Lassaigne showed the presence of nitrogen in the structure 
of chitin in 1843. The term “chitosan” emerged following a discovery by Rouget in 
1859. When heating chitin in a concentrated potassium hydroxide solution Rouget 
observed that the chitin became soluble with the chemical and heat treatment. 
Ledderhose described in 1878 that chitin consists of glucosamine. Hoppe-Seyler 
adapted the term chitosan from chitin in 1894. At the beginning of the 20th cen-
tury, many studies on chitosan from sources of chitin were conducted. Rammelberg 
proved that chitosan was found in crab shells and fungi through his work in 1930. 
In addition, chitin was hydrolyzed in many ways and found to be a glucosamine 
polysaccharide. Studies on the formation of chitin and chitosan in mushrooms 
were performed with x-ray analyses in the 1950s. The first book on chitosan was 
published in 1951, 140 years after Braconnot’s first observations. In the early 
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1960s, studies were conducted on the ability of chitosan to bind red blood cells. In 
the same year, chitosan was also considered as a hemostatic agent. In the next 30 
years, chitosan was used in treatment plants to provide asepsis water. In the last 20 
years, research on chitosan has intensified due to its many important properties 
[1]. Today, chitosan has many industrial applications and after cellulose, it is the 
most common polysaccharide chitin in the world. As one of the most important 
derivatives of chitin, chitosan is a polycationic biopolymer obtained by partial or 
complete deacetylation (removal of an acetyl functional group from an organic 
compound) of chitin in an alkaline environment [2]. The only difference between 
cellulose and chitosan biopolymer is the presence of the acetyl (-NH2) functional 
group instead of the hydroxyl (-OH) functional group in the cellulose structure. 
This difference ensures that the chain structure of the chitosan biopolymer is 
polycationic. Many superior properties of chitosan arise from this polycationic 
structure. In addition to this advantage, the presence of both –OH and –NH2 groups 
in the chain structure of chitosan and the fact that these groups can be modified 
in different ways is a situation that highlights its uses [3]. Chitosan, which can be 
obtained in large quantities from many natural sources containing chitin, such as 
the exoskeleton of mushrooms, crayfish, shrimp, and crabs, is more advantageous 
than other biopolymers including chitin in terms of non-toxicity to organisms, easy 
biodegradability, and biocompatibility. For these reasons, chitosan is a natural, safe, 
cheap, raw material biopolymer used in many industrial areas such as food, medi-
cine, pharmaceuticals, cosmetics, agriculture, wastewater treatment, and textiles. 
Besides having antiviral, antibacterial, and antifungal properties, chitosan is also 
an effective agent in controlling and reducing the spread of diseases by promoting 
the defense system of plants. In addition, chitosan is being used for improvement in 
agriculture because it chelates metal ions in the environment (water, soil, etc.) and 
prevents the uptake of toxic metals in plants [4].

Chitosan is a natural and biodegradable biopolymer used in different industrial 
applications as an agent for flocculation and chelating, permeability control, and 
as an antimicrobial, among other processes. Predominantly produced today by 
the deacetylation of chitin on an industrial scale, chitosan is found in the exoskel-
eton of crustaceans and insects, and the cell walls of many fungi and some algae. 
Although the main source of chitin is crab, shrimp, crayfish, and shrimp residues, 
the importance of insect chitosan depends on the role insects play as a sustainable 
protein source. Insects are seen as an alternative to traditionally consumed proteins 
derived predominantly from traditional livestock (mainly cows, chickens, and pigs) 
and fish. In addition, using the insect as a protein source produces two by-products 
of interest to the industry, lipids that can be used as biofuels (30–40% total dry 
weight) as well as a residual material made of chitin with some bioactive properties 
from which chitosan can be produced [5].

2. Antimicrobial activity

Chitin and chitosan have interesting physicochemical, biological, and mechani-
cal properties. One such property of chitosan is related to its antimicrobial activity. 
There are several studies demonstrating the antimicrobial and antifungal properties 
of chitosan and many derivatives [6–11]. Recently, the effect of the physical form 
of chitosan on its antibacterial activity against pathogenic bacteria was studied. 
Researchers examined chitosan coating as an inhibitor of Listeria monocytogenes on 
vacuum-packed pork fillets and fresh cheese. The antibacterial effect is reported 
to be generally rapid, eliminating bacteria within a few hours. As for the physical 
properties of chitosan, these are mainly governed by two factors: deacetylation 
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degree (DD) and molecular weight (MW). Natural origin, as well as variability in 
chemical composition, can affect the properties of chitosan and have an impact 
on its industrial uses. Some studies have revealed that DD correlates with the 
antimicrobial activity of chitosan. The effect of chitosan as an antimicrobial in the 
agriculture and food industry has been studied. According to these studies, the anti-
microbial activity of chitosan depends on several external and internal factors as 
well as a number of environmental factors. The type of microorganism, physiologi-
cal state, pH, temperature, ionic strength, metal ions, ethylenediaminetetraacetic 
acid (EDTA), the presence of organic matter, MW, DD, solvent, and concentration 
are all influencing factors [12].

Chitosan is a commercial biopolymer produced predominantly from crab and 
shrimp residues. The physicochemical properties of chitosan affect the functional 
properties that differ according to crustacean type and preparation methods. 
Chitosan has been studied to compare the functionality of commercial products 
obtained from crustacean and insect chitosan as antimicrobials. The results indicated 
differences between commercial insect chitosan and crustacean chitosan with regard 
to their antimicrobial capacity. Generally speaking, crustacean chitosan with a pH 
of 5,0 during a 49-hour incubation period displayed a greater antimicrobial capacity 
than insect chitosan at the same pH. This behavior was seen mostly in Salmonella 
cases where crustacean chitosan resulted in more than 4 logarithmic decreases, 
whereas insect chitosan was only bacteriostatic resulting in about a 1 logarithmic 
decrease. The similar behavior was noticed for Escherichia coli, despite the smaller 
differences in antimicrobial influence in Salmonella cases. As noted, some studies 
have pointed out potential differences between the functions and physical properties 
of chitosan in different species of crustaceans. This may be even more pronounced 
among chitosan obtained from various sources such as crustaceans and insects [6].

Antimicrobial activity can be adversely affected by pH, and as such pH plays an 
important role in the antimicrobial capacity of chitosan. Low pH chitosan appears to 
have more antimicrobial activity than high pH chitosan [13]. A study was conducted 
to determine the effect of two different concentrations of chitosan at pH 6,5 and 5,5 
on different pathogenic microorganisms, including Salmonella Typhimurium, E. 
coli, and L. monocytogenes. The author concluded that chitosan with a pH of 6.5 had a 
rather weak effect on pathogenic microorganisms and could not inhibit L. monocyto-
genes. At pH 5,5; there was inhibition of the microorganisms tested for 24 to 72 hours 
of storage at 30°C. The researcher concluded that chitosan acts better at pH 5.5 than 
at pH 6.5 [14]. Another researcher examined the antibacterial activity of chitosan 
of different MW at various pH levels (pH 4, 4.5, and 5) on L. monocytogenes strains. 
The results also indicated that, with the exception of two L. monocytogenes strains, 
chitosan with a pH of 5 had the greatest bacterial reduction effect during a 24-hour 
incubation period [15]. In another study, two pH levels were tested at a concentration 
of 0.15% (w/v) chitosan. Later an 8-hour incubation, the antibacterial effect was 
found to be higher at pH 5,0 than pH 6,2 for S. Typhimurium, but the opposite for E. 
coli and Listeria monocytogenes, where the antimicrobial effect of chitosan at pH 6.2 
was stronger than it was at pH 5.0. The effect of chitosan at both pH levels seemed 
to be dependent on the microorganism. Differences were observed in chitosan at 
both pH levels of acetic acid compared to control. Chitosan exhibited a pronounced 
antimicrobial activity at both pH values, particularly on L. monocytogenes. Chitosan 
obtained from both sources, crustaceans and insects, was bacteriostatic or bacteri-
cidal for three pathogenic microorganisms at pH 5.0 [6].

Several hypotheses have been proposed about the antimicrobial function of 
chitosan. Ionic interactions occcuring between the positive charges of amino groups 
and negative bacterial surface molecules under acid conditions change the mem-
brane permeability which leads to cellular lysis. Interaction with necessary nutrients 
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eton of crustaceans and insects, and the cell walls of many fungi and some algae. 
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protein source. Insects are seen as an alternative to traditionally consumed proteins 
derived predominantly from traditional livestock (mainly cows, chickens, and pigs) 
and fish. In addition, using the insect as a protein source produces two by-products 
of interest to the industry, lipids that can be used as biofuels (30–40% total dry 
weight) as well as a residual material made of chitin with some bioactive properties 
from which chitosan can be produced [5].
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Chitin and chitosan have interesting physicochemical, biological, and mechani-
cal properties. One such property of chitosan is related to its antimicrobial activity. 
There are several studies demonstrating the antimicrobial and antifungal properties 
of chitosan and many derivatives [6–11]. Recently, the effect of the physical form 
of chitosan on its antibacterial activity against pathogenic bacteria was studied. 
Researchers examined chitosan coating as an inhibitor of Listeria monocytogenes on 
vacuum-packed pork fillets and fresh cheese. The antibacterial effect is reported 
to be generally rapid, eliminating bacteria within a few hours. As for the physical 
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degree (DD) and molecular weight (MW). Natural origin, as well as variability in 
chemical composition, can affect the properties of chitosan and have an impact 
on its industrial uses. Some studies have revealed that DD correlates with the 
antimicrobial activity of chitosan. The effect of chitosan as an antimicrobial in the 
agriculture and food industry has been studied. According to these studies, the anti-
microbial activity of chitosan depends on several external and internal factors as 
well as a number of environmental factors. The type of microorganism, physiologi-
cal state, pH, temperature, ionic strength, metal ions, ethylenediaminetetraacetic 
acid (EDTA), the presence of organic matter, MW, DD, solvent, and concentration 
are all influencing factors [12].

Chitosan is a commercial biopolymer produced predominantly from crab and 
shrimp residues. The physicochemical properties of chitosan affect the functional 
properties that differ according to crustacean type and preparation methods. 
Chitosan has been studied to compare the functionality of commercial products 
obtained from crustacean and insect chitosan as antimicrobials. The results indicated 
differences between commercial insect chitosan and crustacean chitosan with regard 
to their antimicrobial capacity. Generally speaking, crustacean chitosan with a pH 
of 5,0 during a 49-hour incubation period displayed a greater antimicrobial capacity 
than insect chitosan at the same pH. This behavior was seen mostly in Salmonella 
cases where crustacean chitosan resulted in more than 4 logarithmic decreases, 
whereas insect chitosan was only bacteriostatic resulting in about a 1 logarithmic 
decrease. The similar behavior was noticed for Escherichia coli, despite the smaller 
differences in antimicrobial influence in Salmonella cases. As noted, some studies 
have pointed out potential differences between the functions and physical properties 
of chitosan in different species of crustaceans. This may be even more pronounced 
among chitosan obtained from various sources such as crustaceans and insects [6].

Antimicrobial activity can be adversely affected by pH, and as such pH plays an 
important role in the antimicrobial capacity of chitosan. Low pH chitosan appears to 
have more antimicrobial activity than high pH chitosan [13]. A study was conducted 
to determine the effect of two different concentrations of chitosan at pH 6,5 and 5,5 
on different pathogenic microorganisms, including Salmonella Typhimurium, E. 
coli, and L. monocytogenes. The author concluded that chitosan with a pH of 6.5 had a 
rather weak effect on pathogenic microorganisms and could not inhibit L. monocyto-
genes. At pH 5,5; there was inhibition of the microorganisms tested for 24 to 72 hours 
of storage at 30°C. The researcher concluded that chitosan acts better at pH 5.5 than 
at pH 6.5 [14]. Another researcher examined the antibacterial activity of chitosan 
of different MW at various pH levels (pH 4, 4.5, and 5) on L. monocytogenes strains. 
The results also indicated that, with the exception of two L. monocytogenes strains, 
chitosan with a pH of 5 had the greatest bacterial reduction effect during a 24-hour 
incubation period [15]. In another study, two pH levels were tested at a concentration 
of 0.15% (w/v) chitosan. Later an 8-hour incubation, the antibacterial effect was 
found to be higher at pH 5,0 than pH 6,2 for S. Typhimurium, but the opposite for E. 
coli and Listeria monocytogenes, where the antimicrobial effect of chitosan at pH 6.2 
was stronger than it was at pH 5.0. The effect of chitosan at both pH levels seemed 
to be dependent on the microorganism. Differences were observed in chitosan at 
both pH levels of acetic acid compared to control. Chitosan exhibited a pronounced 
antimicrobial activity at both pH values, particularly on L. monocytogenes. Chitosan 
obtained from both sources, crustaceans and insects, was bacteriostatic or bacteri-
cidal for three pathogenic microorganisms at pH 5.0 [6].

Several hypotheses have been proposed about the antimicrobial function of 
chitosan. Ionic interactions occcuring between the positive charges of amino groups 
and negative bacterial surface molecules under acid conditions change the mem-
brane permeability which leads to cellular lysis. Interaction with necessary nutrients 
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for bacteria could be another mechanism. Chitosan’s bactericidal effect may also be 
affected by the inoculum size to the bacteria growth [6]. In some studies, all com-
pounds tested after 4 hours of incubation for an inoculum size of 103 cells/mL were 
bactericidal at any concentration of chitosan tested. In contrast, at a higher initial 
inoculum concentration, 0.1% (w/v) chitosan was only bacteriostatic. Regardless of 
the inoculum level, any chito-oligosaccharide mixture of 0.25% (w/v) was suffi-
cient to reduce the starting population of E. coli by at least 3 log cycles. However, the 
results regarding the effect of inoculum size are not conclusive because they vary 
with pH and type of microorganism. Therefore, it is not possible to predict higher 
antimicrobial activity at a given inoculum size in all cases [16, 17].

Included in the peptidoglycan layer on the cell surface, teichoic acid is vital for 
the growth of Gram-positive bacteria as well as for cell division. Chitosan and its 
derivatives can bind to teichoic acid on the surface of Gram-positive bacteria non-
covalently. Chitosan’s effect on the cell membrane has not been clearly discovered 
yet; however, it is well-known that it affects the cell membrane because it has a 
greater hydrodynamic diameter than peptidoglycans’ pore size. Strangely, chitosan 
with a MW of 5 kDa suppresses DNA synthesis and promotes Bacillus megaterium 
filamentation, which suggests that the chitosan’s MW plays a role in its potential 
to affect cell membrane permeability [18]. In addition, the effect of chitosan on 
teichoic acid has been demonstrated by testing Staphylococcus aureus mutant strains 
lacking the genes needed for teichoic acid biosynthesis [19]. Mutant strains were 
found to be more resistant to the environmental conditions than the wild-type 
strain, which indicates that anionic teichoic acid improves chitosan’s antibacterial 
properties against Gram-positive bacteria. Teichoic acid has, interestingly, many 
functions. It controls activities of enzymes, helps to cope with environmental 
stress, and manages the cationic concentration in the cell cover by binding to the 
cell surface and the cell receptor. The mechanism of antimicrobial effect of chitosan 
on Gram-positive bacteria is due to electrostatic effect with teichoic acid, result-
ing in disruption and death of cell [18]. Two different mechanisms mediate the 
interactions between chitosan and the outer membrane of Gram-negative bacteria. 
The first mechanism involves chelating chitosan with various cations when pH is 
higher than pKa, resulting in a breakdown in the uptake of essential nutrients and 
a breakdown in cell wall integrity. The second mechanism involves electrostatic 
interactions between chitosan and anions associated with lipopolysaccharides in 
the outer membrane. Chitosan also creates disruptions in the inner membrane, 
causing intracellular content to leak. In addition, chitosan can pass through the 
cell membrane of Gram-negative bacteria where it likely interferes with DNA/
RNA synthesis and triggers an intracellular response in cells. Thus, the electrostatic 
interactions between chitosan and the anionic surface are crucial to chitosan’s 
antimicrobial properties against Gram-negative bacteria. Moreover, chitosan can 
bind non-covalently to the cell membrane of Gram-negative bacteria, suggesting it 
plays an important role in antimicrobial activity [20, 21]. The difference between 
Gram-positive and Gram-negative bacteria is more obvious compared to chitosan-
resistant fungi and chitosan-sensitive fungi. Chitosan is belived to interact with 
a phospholipid component of chitosan-sensitive fungi electrostatically, thereby 
breaking it down and participating the cell, fnally leading to the prevention of 
DNA/RNA as well as protein synthesis. However, chitosan is unable to make the cell 
wall of chitosan-resistant fungi permeable due to its variable fluidity, so it remains 
on the cell surface and forms a polymer to function as a barrier against oxygen and 
necessary nutrients, ultimately resulting in cell death. The lowered antimicrobial 
activity of chitosan was also seen in a Neurospora crassa mutant strain, explaining 
the lower levels of unsaturated fatty acids relative to the wild-type strain. Thus, the 
antibacterial effect of chitosan on fungi is greatly affected by the fluency of the  
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cell membrane and the type of mushrooms [18]. Chitosan inhibited the growth 
of Aspergillus flavus and aflatoxin in liquid culture, pre-harvest corn and peanuts, 
and increased the production of phytoalexin in germinating peanuts. Chitosan has 
become the first compound in the list of basic substances approved by the European 
Union for plant protection in agricultural practices, both for organic agriculture 
and for integrated pest control (Tes. EU 66 2014/563). Thus, chitosan can be used 
as a biodegradable fungicide. In addition, chitosan shows antiviral activity against 
plant viruses. It has been demonstrated that chitosan inhibits productive infec-
tion caused by bacteriophages. The efficacy of bacteriophage inhibition is directly 
dependent on the final concentration in the medium. The main factors by which 
chitosan suppresses phage infections are phage particle inactivation and inhibition 
of bacteriophage growth at the cellular level. Chitosan can be used for induction of 
phagoresistance in industrial microorganism cultures to prevent unwanted phagoly-
sis caused by inoculum contamination with virulent bacteriophages or spontaneous 
prophage induction in lysogenic culture [22].

As stated previously, pH can play a key role in chitosan’s antimicrobial activity, 
and the pKa of chitosan sequences from 6,3 to 6,5 [23]. Chitosan only dissolves in 
acidic aqueous environment where it becomes polycationic when the pH value is 
lower than the pKa amount. Polycationic chitosan molecules react with negatively 
charged cell wall molecules, including proteins, phospholipids, polysaccharides, 
and fatty acids because of the high intensity of amino groups found on the polymer 
surface, ultimately causing intracellular materials to leak. Chitosan exhibits higher 
antimicrobial activity at low pH values   (< 6) because its amino group is ionized at 
low pH rates. Moreover, the positive charge of chitosan improves at low pH values, 
increasing the absorption of chitosan at the bacterial cell wall. Moreover, at upper 
pH values   (> 6) the amino group of chitosan becomes aprotic, which may lead to 
precipitation from solution [24]. One study informed that chitosan’s antimicrobial 
activities against Klebsiella pneumoniae partly resulted from the polycationic nature 
of chitosan, thus being associated with the protonation of the amino group. The 
protonation of the amino group is related to the degree of polymerization as well as 
the pH of the environment. For example, chitosan is more effective against Candida 
lambica at pH 4 than pH 6 [18].

In the early 1960s, chitosan’s ability to bind to red blood cells was investigated. 
At that time, it was also seen as a hemostatic agent. Chitosan has been used in water 
purification for the last 30 years. Since then, numerous studies have been conducted 
to find ways to use these materials. Today, chitosan is known as a dietary supple-
ment for weight loss. In fact, it has been marketed for this purpose in Japan as well 
as Europe for about 20 years. Many people even call it “anti-fat” [25]. Chitosan has 
attracted great attention because of its increasing demand as a highly beneficial 
biopolymer in recent times. Chitosan, which is obtained by deacetylation of chitin 
with sodium hydroxide (NaOH), can be extracted from a variety of fungi, insects, 
and crustaceans. Basically, chitosan is a polymer consisting of randomly distributed 
units of N-acetyl-D-glucosamine and D-glucosamine with different deacetylation 
degree, acetylation type, and molecular weight which could be chemically modi-
fied to its derivatives. These derivatives affect antibacterial influence of chitosan 
and its solubility in acidic solutions. Chitosan’s three reactive functional groups 
are: the amino group at the C-6 position, the primary hydroxyl group at the C-6 
position, and the secondary hydroxyl group at the C-3 position. The amino group 
at the C-6 position differs from chitosan obtained from chitin due to its chemical, 
physical, and biological functions [18]. Chitosan is a very useful and attractive 
biopolymer due to its diverse chemical structure. Structural diversity can be seen 
in MW ranging from low (100 kDa) to high (300 kDa) as well as DD ranging from 
chitin (< 60%) to chitosan (> 60%). The wide range of chitosan samples described 
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for bacteria could be another mechanism. Chitosan’s bactericidal effect may also be 
affected by the inoculum size to the bacteria growth [6]. In some studies, all com-
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inoculum concentration, 0.1% (w/v) chitosan was only bacteriostatic. Regardless of 
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results regarding the effect of inoculum size are not conclusive because they vary 
with pH and type of microorganism. Therefore, it is not possible to predict higher 
antimicrobial activity at a given inoculum size in all cases [16, 17].
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filamentation, which suggests that the chitosan’s MW plays a role in its potential 
to affect cell membrane permeability [18]. In addition, the effect of chitosan on 
teichoic acid has been demonstrated by testing Staphylococcus aureus mutant strains 
lacking the genes needed for teichoic acid biosynthesis [19]. Mutant strains were 
found to be more resistant to the environmental conditions than the wild-type 
strain, which indicates that anionic teichoic acid improves chitosan’s antibacterial 
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bind non-covalently to the cell membrane of Gram-negative bacteria, suggesting it 
plays an important role in antimicrobial activity [20, 21]. The difference between 
Gram-positive and Gram-negative bacteria is more obvious compared to chitosan-
resistant fungi and chitosan-sensitive fungi. Chitosan is belived to interact with 
a phospholipid component of chitosan-sensitive fungi electrostatically, thereby 
breaking it down and participating the cell, fnally leading to the prevention of 
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cell membrane and the type of mushrooms [18]. Chitosan inhibited the growth 
of Aspergillus flavus and aflatoxin in liquid culture, pre-harvest corn and peanuts, 
and increased the production of phytoalexin in germinating peanuts. Chitosan has 
become the first compound in the list of basic substances approved by the European 
Union for plant protection in agricultural practices, both for organic agriculture 
and for integrated pest control (Tes. EU 66 2014/563). Thus, chitosan can be used 
as a biodegradable fungicide. In addition, chitosan shows antiviral activity against 
plant viruses. It has been demonstrated that chitosan inhibits productive infec-
tion caused by bacteriophages. The efficacy of bacteriophage inhibition is directly 
dependent on the final concentration in the medium. The main factors by which 
chitosan suppresses phage infections are phage particle inactivation and inhibition 
of bacteriophage growth at the cellular level. Chitosan can be used for induction of 
phagoresistance in industrial microorganism cultures to prevent unwanted phagoly-
sis caused by inoculum contamination with virulent bacteriophages or spontaneous 
prophage induction in lysogenic culture [22].

As stated previously, pH can play a key role in chitosan’s antimicrobial activity, 
and the pKa of chitosan sequences from 6,3 to 6,5 [23]. Chitosan only dissolves in 
acidic aqueous environment where it becomes polycationic when the pH value is 
lower than the pKa amount. Polycationic chitosan molecules react with negatively 
charged cell wall molecules, including proteins, phospholipids, polysaccharides, 
and fatty acids because of the high intensity of amino groups found on the polymer 
surface, ultimately causing intracellular materials to leak. Chitosan exhibits higher 
antimicrobial activity at low pH values   (< 6) because its amino group is ionized at 
low pH rates. Moreover, the positive charge of chitosan improves at low pH values, 
increasing the absorption of chitosan at the bacterial cell wall. Moreover, at upper 
pH values   (> 6) the amino group of chitosan becomes aprotic, which may lead to 
precipitation from solution [24]. One study informed that chitosan’s antimicrobial 
activities against Klebsiella pneumoniae partly resulted from the polycationic nature 
of chitosan, thus being associated with the protonation of the amino group. The 
protonation of the amino group is related to the degree of polymerization as well as 
the pH of the environment. For example, chitosan is more effective against Candida 
lambica at pH 4 than pH 6 [18].

In the early 1960s, chitosan’s ability to bind to red blood cells was investigated. 
At that time, it was also seen as a hemostatic agent. Chitosan has been used in water 
purification for the last 30 years. Since then, numerous studies have been conducted 
to find ways to use these materials. Today, chitosan is known as a dietary supple-
ment for weight loss. In fact, it has been marketed for this purpose in Japan as well 
as Europe for about 20 years. Many people even call it “anti-fat” [25]. Chitosan has 
attracted great attention because of its increasing demand as a highly beneficial 
biopolymer in recent times. Chitosan, which is obtained by deacetylation of chitin 
with sodium hydroxide (NaOH), can be extracted from a variety of fungi, insects, 
and crustaceans. Basically, chitosan is a polymer consisting of randomly distributed 
units of N-acetyl-D-glucosamine and D-glucosamine with different deacetylation 
degree, acetylation type, and molecular weight which could be chemically modi-
fied to its derivatives. These derivatives affect antibacterial influence of chitosan 
and its solubility in acidic solutions. Chitosan’s three reactive functional groups 
are: the amino group at the C-6 position, the primary hydroxyl group at the C-6 
position, and the secondary hydroxyl group at the C-3 position. The amino group 
at the C-6 position differs from chitosan obtained from chitin due to its chemical, 
physical, and biological functions [18]. Chitosan is a very useful and attractive 
biopolymer due to its diverse chemical structure. Structural diversity can be seen 
in MW ranging from low (100 kDa) to high (300 kDa) as well as DD ranging from 
chitin (< 60%) to chitosan (> 60%). The wide range of chitosan samples described 



Chitin and Chitosan - Physicochemical Properties and Industrial Applications

268

in different studies is surprising. Moreover, there are various conflicts regarding the 
use of chitosan in different biological applications [26].

Speaking of the synthesis of chitosan derivatives, the most beneficial advantage 
of chitosan is that it can be chemically modified into a wide variety of derivatives. 
Due to the presence of a primary alcohol group and an amino group, N, O-modified 
chitosan, as well as O-modified chitosan, can be modified to N-modified chitosan. 
The main reason for the synthesis of different chitosan derivatives is to improve 
certain properties. For example, quaternized chitosan derivatives have improved 
antimicrobial activity and water solubility, while phosphorylated chitosan deriva-
tives have improved solubility, and N-benzyl/N-alkyl chitosan derivatives show 
improved antimicrobial activity [27]. Today, chitosan can be modified using two 
methods: Selective and non-selective modifications. The hydroxyl group is less 
nucleophilic than the amino group; however, both groups can still interact with 
electrophiles, including isothiocyanates and acids. These reactions lead to the 
selective O-chitosan derivative to be synthesized by a one-point reaction, while the 
non-selective N, O-chitosan derivative is synthesized. An acidic solution like sulfu-
ric acid (H2SO4) can be used in production of the O-chitosan derivative. The amino 
group is protonated by using an acidic solution, which makes the alcohol functional 
group more reactive. This reaction preserves 90–95% of the amino acids; it is also 
a very effective and easy way of obtaining the O-modified chitosan derivative. On 
the other hand, the selective chitosan derivative equiped using this method is just 
limited to electrophiles and can only react with the amino group [28–30].

Due to its low cost, biocompatibility, absence of toxicity, and biodegradability, 
chitosan has applications in various fields such as tissue engineering, cosmetics, 
biomedicine, and biotechnology. Chitosan can be used to clarify agent wastewater 
and remove dye or metal ions due to its potential to protonate the amino group [31]. 
It can widely be used in the food industry as a browning inhibitor in juices, an anti-
oxidant in sausages, a purifying agent in apple juices, and an antimicrobial agent. 
Chitosan can also be used to deliver transmucosal proteins and peptides thanks to its 
ability to adhere to the mucosa and open epithelial cell connections. Finally, it can be 
used as a carrier of macromolecular drugs. Conventionaly, chitosan has been used 
in its natural form with some limitations such as low surface area, low porosity, and 
low solubility at neutral pH. The functionality of chitosan can be increased by pro-
ducing different derivatives through various chemical and physical processes [18].

Today, while preserving the organoleptic and nutritional properties of food 
products, great importance is attached to microbiological food safety. To accom-
modate these processes, the food industry must use special packaging materials that 
protect the quality and safety of food. Moreover, new generation food packaging 
materials are expected to have antimicrobial properties which create an environ-
ment that delays or completely prevents microbial growth, thus extending the 
shelf life of food products. Antimicrobial materials can be classified into two broad 
categories: organic materials and inorganic materials [32, 33]. Of particular interest 
as inorganic materials are metals, metal phosphates, and metal oxides considered 
safe for human and/or animal use. Inorganic substances are stable under severe 
conditions. However, examples of organic antimicrobial materials include haloge-
nated compounds, quaternary ammonium salts, and phenols. Also, recent studies 
have found that natural polymers like chitosan and its derivatives have antibacterial 
activities. Thus, chitosan is promising substance that can be used in food packag-
ing due to its ability to prevent gas or aroma in dry status and to form an excellent 
film [18] and for this purposes chitosan is used in various foods to extend shelf life 
mentioned in Table 1.

The antibacterial function of chitosan and its derivatives can be affected by 
different food ingredients. Charges and electrostatic forces on chitosan are the key 
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Food Impact / Finding

Applications in Fruits and Vegetables

Apple, banana, citrus, mango, peach, carrot and 
lettuce coated with chitosan, Strawberry coated with 
chitosan, Lychee fruit

Decreased respiratory rate and ethylene production, 
caries control and softening delay were observed.

Strawberry coated with chitosan It has been observed that shelf life increases 
due to its antifungal properties and / or its 
ability to stimulate defense enzymes (chitinase 
and-1,3-glucanase).

Lychee fruit The browning is delayed by preventing the increase 
in polyphenol oxidase activity.

Juices

Use of soluble chitosan as a purifier in apple, grape, 
lemon, and orange juice

Fruit juices are purer than bentonite and gelatin, 
and the acceptance of fruit juices has increased.

To control the acidity of carrots and apple juice It was observed to cause a significant decrease in 
titration acidity.

Apple and pear juice It has also been indicated it prevent enzymatic 
browning.

Applications in Meat and Meat Products

Beef It was determined that the value of thiobarbutyric 
acid (TBA) decreased by 70% compared to 
the control sample and had a positive effect on 
maintaining the red color of the meat during 
storage.

Beef, fowl It was determined that the addition of 3% chitosan-
glutamate reduced the development of Clostridium 
perfringens spores.

Pork products It was determined that chitosanglutamate used at 
0.3% level and 0.6% was an effective preservative 
and the total number of bacteria, yeast, mold and 
lactic acid bacteria decreased to 3 records as a result 
of storage at 4° C for 18 days.

Sausage It has been determined that chitosan reduces the 
use of sodium nitrite in sausage by half (150 ppm) 
without affecting quality and storage stability, 
and has also been found to reduce the amount of 
residual nitrite.

Applications in Dairy Products

Cheese It has been reported that it inhibits the growth of 
L. monocytogenes and S. aureus, but does not affect 
Gram-negative Pseudomonas aeroginosa.

Mozzarella It has been determined that when used with the 
Lysozyme enzyme for film and coating purposes, 
it inhibits the growth of E. coli, L. monocytogenes, 
Pseudomonas fluorescens and yeast and molds and 
improves shelf life.

Applications in Eggs

Coated with chitosan (3% chitosan in 1% acetic acid) Reported at least 2 weeks longer shelf life of eggs at 
25° C according to the control sample.

Coated with chitosan-lysozyme mixture Growth inhibition of L. monocytogenes, Salmonella 
enterica, coliforms, yeast and mold, delayed moisture 
loss and pH changes have been reported.

Table 1. 
The effect of chitosan on some food groups.
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factors enabling its antibacterial property; therefore, any food ingredient that can 
affect these factors inhibits chitosan’s antimicrobial activity. For instance, inorganic 
cations (Mg2+) inhibit the adhesion of E. coli to hexadecane via chitosan as a result 
of disruption of the electrostatic interaction liable for chitosan adsorption to the 
organism cell surface. Also, the addition of a metal ion lessened the antimicrobial 
influence of the chitosan derivative against Staphylococcus aureus. It has also been 
informed that starch, α-lactalbumin and β-lactoglobulin (whey proteins), and 
sodium chloride (NaCl) have a negative effect on antibacterial function of chitosan; 
however, fat had no effect [34, 35].

Chitosan is used as a food additive in many countries, including Japan, Korea, 
and Italy, due to its many properties. Today, customers demand safe and quality 
food products. The food industry’s need to extend the shelf life of food products has 
pushed research to identify improved preservation strategies [36]. The food indus-
try is an area where important applications of chitosan are widely used. Reducing or 
preventing the number of chemicals in food is highly demanded in food industry. 
To meet this growing demand, chitosan can be used as an additive in food prod-
ucts. Chitosan can react with metals and prevent the initiation of lipid oxidation; 
therefore, it can be used as a secondary antioxidant. What’s more, the antioxidant 
effect of chitosan can be increased by combining it with many other naturally 
occurring ingredients. For example, combining chitosan with glucose enhances its 
antioxidant property, but it does not affect its antibacterial influence against E. coli, 
S. aureus, Bacillus subtilis, and Pseudomonas. Chitosan can also be bound to other 
naturally occurring substances such as xylan to improve their antibacterial and 
antioxidant properties [37, 38]. In addition, the low oxygen permeability of chitosan 
can decrease the contact of food with oxygen, thereby reducing the oxidation rate. 
Chitosan and its derivatives can be used as a promising substance to extend the 
shelf life of various food products. For example, when a chitosan-based substance is 
used to coat certain food products, it can decrease bread hardness, retrogradation, 
weight loss, and bacterial development. The surface of eggs and fruits can be coated 
with chitosan to create a protective barrier that can decrease respiration and sweat-
ing rates, as well as prevent the transfer of gas and moisture from albumin through 
eggshells. Thus, chitosan can be used to improve the structure and quality of food 
products as well as prevent microbial growth and color changes [18]. It is known 
that cattle act as a native reservoir for the E. coli O157:H7 agent that causes most 
foodborne diseases. Unfortunately, the inhibition of E. coli O157:H7 contamination 
on meat and meat products has not been successful. Controlling the contamina-
tion of these pathogens is very important during processing level and to reduce 
the contamination of E. coli O157:H7 in cattle to an acceptable value. The effect of 
chitosan on E. coli O157:H7 infected calves was researched and the results defined 
that the time of fecal contamination was remarkably decreased in chitosan-treated 
animals compared to untreated animals. Also, chitosan administration did not cause 
any ration profitability or abnormal behavior [39].

One of the factors affecting the antimicrobial activity of chitosan is the DD. 
An increase in DD means an increased number of amino groups on chitosan. As a 
result, chitosan has an increasing number of protonated amino groups in an acidic 
condition and is fully soluble in water, which increases the likelihood of interaction 
between chitosan and negatively charged cell walls of microorganisms. A variation 
of the deacetylation process resulted in the variation of MW as well as significant 
differences in the % DD of chitosan. It has been proven that chitosans with low 
MW (< 10 kDa) have more antimicrobial activity than natural chitosans. Low MW 
fractions have little or no activity. Chitosan with a MW ranging from 10,000 to 
100,000 Da will be useful in inhibiting bacterial growth. In addition, chitosan with 
an average MW of 9300 Da, was effective against E. coli. One researcher reported 
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that while D-glucosamine hydrochloride (chitosan monomer) did not exhibit any 
growth inhibition against several bacteria, chitosan was effective. This suggests that 
the antimicrobial activity of chitosan is not only related to its cationic nature but 
also its chain length. However, another researcher found that 10,000 Da chitosan 
was least effective in bactericidal activities, while 220,000 Da chitosan was most 
effective [36].

Chitosan is also used as an encapsulation material to improve food process-
ing. Encapsulation is an attractive technology for protecting chemicals to prevent 
unwanted changes. Encapsulation materials can be formed with one or more 
compounds, such as chitosan, maltodextrin, acacia gum, hydroxypropyl methylcel-
lulose phthalate gelatin, and starch, which can be used as a mixture or alone, among 
others. Chitosan has also attracted attention due to its applications in food and 
pharmacy. The antimicrobial and antifungal activities of chitosan are some of the 
most intriguing properties for improving food preservation and reducing the use of 
chemical preservatives. One study reported the use of chitosan in combination with 
essential oils, using nanoencapsulation processes, which have the potential to be 
applied in food industries. Due to the fact that essential oils such as thymol, euge-
nol, and carvacrol found in thyme, clove, and thyme essential oils easily degrade in 
light, air, and high temperatures, nanoencapsulation has recently been developed as 
an effective technique to protect them from evaporation and oxidation [40].

The ion binding character of chitosan is another important quality. Chitosan 
has proven to have the best chelating properties among other natural polymers. 
Although hydroxyl groups may also be involved in absorption, the amino groups of 
chitosan are responsible for compound formation, in which nitrogen is a donor of 
electron pairs. The mechanism for collaborating the reactive groups with metal ions 
is very different and can link to the ion pattern, pH, and also the key ingredients of 
the solution. The constitution of compounds can also be reported based on Lewis’ 
acid–base theory: the metal ion (acting as an acid) is the acceptor of the double 
electron given by the chitosan (acting as the base) [41]. With regard to food applica-
tions of chitosan, information on the selective binding of essential metal ions to 
chitosan is important for its application as a cholesterol-lowering agent and its more 
controversial use as a weight loss agent [42].

Recently, researchers are increasingly interested in active food packaging 
materials, and there has been more interest in finding materials that provide bio-
logical activity to thin films as well as improving their properties. With the wide-
spread use of non-fragile petroleum-based plastics, environmental pollution has 
become increasingly apparent. Most countries have placed restrictions on plastics, 
and there is an increasing demand for biodegradable functional packaging 
materials. Among the many natural biopolymers, chitosan has gained increasing 
attention thanks to its non-toxicity, biodegradability, biocompatibility, antibacte-
rial activity, and excellent film-forming ability. Chitosan is a native cationic linear 
polysaccharide created of D-glucosamine and N-acetyl-D-glucosamine units 
prepared by partial deacetylation of chitin. Chitosan has excellent features that 
enable it to be used as wound dressing in the medical area, for tissue engineering, 
and as food packaging in the industrial area [8]. As a result, chitosan is one of the 
most important edible films used worldwide, produced by the deacetylation of 
chitin. Many native biopolymers can be used to compose edible films; however, 
among them chitosan attracts the attention for its excellent film-forming activity, 
flexibility, stability, biocompatibility, non-toxicity, biodegradability, and com-
mercial usability. Chitosan, which is a traditionally available polysaccharide with 
the deacetylation of chitin, was generally accepted as safe by FDA (United States 
Food and Drug Administration) in 2005 and was confirmed for use as a food 
supplement suitable for human diets [7].
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Chitosan or its 
derivatives

Preparation method and/or foods Target microorganisms  
and/or findings

Modified chitosan Chitosan obtained from shrimp 
chitin in three particle sizes by 
deacetylating with different 
concentrations of NaOH (30%, 
40%, and 50%) under microwave 
irradiation for 10 minutes

Salmonella typhimurium
Escherichia coli
The inhibitory effect was greater 
against S. typhimurium than E. coli.

In 1% acetic acid, 73.68% classical 
deacetylated chitosan, and 83.55% 
ultrasound-assisted deacetylated 
chitosan

Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Klebsiella pneumonia
Candida albicans
Candida parapsilosis
Antimicrobial activities are directly 
proportional to the increasing degree 
of deacetylation.

Chitosan obtained by treating chitin 
with 50% NaOH and dissolved in 
1% acetic acid without modification 
and with modification with 
ultraviolet or ozone

Staphylococcus aureus
Bacillus cereus
Bacillus subtilis
Escherichia coli
Pseudomonas aeruginosa
Aspergillus niger
Candida albicans
Candida tropicalis ve Rhizopus
No difference was observed in the 
antibacterial properties of unmodified 
and modified chitosan.

Kitooligosaccharides Chitin (338 kDa MW and 35% 
deacetylation grade)
Kitooligosaccharide (chitin 
hydrolyzed with HCl)
Kitooligosaccharide (HCl 
hydrolyzed chitosan, 80% 
deacetylation degree)

Staphylococcus aureus
Bacillus subtilis
Bacillus cereus
Escherichia coli
Pseudomonas aeruginosa
Salmonella typhimurium
Vibrio cholerae
Shigella dysenteriae
Prevotella melaninogenica
Bacteroides fragilis
Chitin showed a bacteriostatic effect 
on E. coli, V. cholerae, S. dysenteriae, 
and B. fragilis, while Chitosan showed 
a bacteriostatic effect on all bacteria 
tested except S. typhimurium.

Chitosan oligomers hydrolyzed with 
nitrous acid (NaNO2 + CH3COOH) 
and dissolved in 1% acetic acid

Enterobacter aerogen
Enterococcus faecalis
Escherichia coli
Staphylococcus aureus
Inhibition was observed in the 
microorganisms tested, but sharp 
inhibition was detected against  
E. faecalis.

The most prominent properties of chitosan, as a compound obtained by  
various methods, can be attributed to its antimicrobial and antioxidant properties. 
Scientific publications reporting the antimicrobial activity of chitosan are specified 
in Tables 2 and 3. Considering these properties, the use of chitosan as an edible 
film to extend the shelf life of foods has been studied by many researchers.
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Chitosan or its 
derivatives

Preparation method and/or foods Target microorganisms  
and/or findings

Chitooligosaccharides of different 
molecular weights:
> 100 kDa,
100 to 10 kDa,
10 to 1 kDa

Bacillus cereus
Bacillus subtilis
Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Candida albicans
Saccharomyces chevalieri
Macrophomina phaseolina
Aspergillus niger
Antimicrobial effects were attributed 
to the type of strains. There was no 
association with MW.

Chitooligosaccharides using papaya 
and dissolved in 0.25% acetic acid

Escherichia coli
Staphylococcus aureus
Salmonella typhimurium
Salmonella enteritidis
All microorganisms tested were 
inhibited but a higher effect was 
reported for E. coli.

Chitosan (0–2.0% w/w) Surimi gel made from black catfish 
(Clarias gariepinus)

Bacterial growth is inhibited.

Chitosan solution 
prepared in 1% acetic 
acid

Culture tilapia (Oreochromis 
niloticus)

A shelf life of 6 days was observed for 
the control group, while a shelf life 
of 12 days was observed for samples 
treated with chitosan.

Chitosan coating 
solution (1% and 2% 
w/v in 1% acetic acid)

Sardine (Sardinella longiceps) fillets Shelf life increased to 7 and 9 days, 
respectively, for fillets treated with 
1% and 2% chitosan compared to the 
control group, whose shelf life was 
5 days.

Chitosan coating 
solution (2% w/v in 1% 
acetic acid)

Rainbow trout (Oncorhynchus 
mykiss)

The shelf life of hot smoked fillets with 
a shelf life of 14–16 days, vacuum-
packed and stored at +4 °C was 
extended to 24 days for fillets treated 
with chitosan.

Chitosan coating 
solution prepared with 
2% (w/v) chitosan in 
1% acetic acid

Carp (Cyprinus carpio) A decrease was determined in the 
total number of aerobic organisms, 
psychrophilic bacteria, lactic acid 
bacteria, and Enterobacteriaceae 
bacteria.

1% (w/v) chitosan 
coating solution in 1% 
v/v acetic acid and 0.2% 
(w/v) bamboo leaves

Silver carp (Hypophthalmichthys 
molitrix)

The total number of living beings was 
higher in the control group stored at 
4 °C for 24 days.

Chitosan, deacetylated 
2% (w/v) in acetic acid 
at 1% v/v
Chitosan coating 
solutions with 1.5% 
cinnamon oil added

Rainbow trout (Oncorhynchus 
mykiss) fillets

When chitosan only and chitosan with 
essential oil were added, the shelf life 
with chitosan was doubled compared 
to the control group.

Chitosan-based edible 
coatings

Deepwater pink shrimp 
(Parapenaeus longirostris)

The shelf life of shrimp treated with 
chitosan was extended by 3 days.

Chitosan (2% w/v) 
prepared in 1% acetic 
acid added with thyme 
oil (1% w/v)

Butterfly-shaped rainbow trout 
(Oncorhynchus mykiss)

Compared to the control group, the 
shelf life of fillets treated with chitosan 
was extended by more than 15 days.
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Chitosan or its 
derivatives

Preparation method and/or foods Target microorganisms  
and/or findings

Modified chitosan Chitosan obtained from shrimp 
chitin in three particle sizes by 
deacetylating with different 
concentrations of NaOH (30%, 
40%, and 50%) under microwave 
irradiation for 10 minutes

Salmonella typhimurium
Escherichia coli
The inhibitory effect was greater 
against S. typhimurium than E. coli.

In 1% acetic acid, 73.68% classical 
deacetylated chitosan, and 83.55% 
ultrasound-assisted deacetylated 
chitosan

Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Klebsiella pneumonia
Candida albicans
Candida parapsilosis
Antimicrobial activities are directly 
proportional to the increasing degree 
of deacetylation.

Chitosan obtained by treating chitin 
with 50% NaOH and dissolved in 
1% acetic acid without modification 
and with modification with 
ultraviolet or ozone

Staphylococcus aureus
Bacillus cereus
Bacillus subtilis
Escherichia coli
Pseudomonas aeruginosa
Aspergillus niger
Candida albicans
Candida tropicalis ve Rhizopus
No difference was observed in the 
antibacterial properties of unmodified 
and modified chitosan.

Kitooligosaccharides Chitin (338 kDa MW and 35% 
deacetylation grade)
Kitooligosaccharide (chitin 
hydrolyzed with HCl)
Kitooligosaccharide (HCl 
hydrolyzed chitosan, 80% 
deacetylation degree)

Staphylococcus aureus
Bacillus subtilis
Bacillus cereus
Escherichia coli
Pseudomonas aeruginosa
Salmonella typhimurium
Vibrio cholerae
Shigella dysenteriae
Prevotella melaninogenica
Bacteroides fragilis
Chitin showed a bacteriostatic effect 
on E. coli, V. cholerae, S. dysenteriae, 
and B. fragilis, while Chitosan showed 
a bacteriostatic effect on all bacteria 
tested except S. typhimurium.

Chitosan oligomers hydrolyzed with 
nitrous acid (NaNO2 + CH3COOH) 
and dissolved in 1% acetic acid

Enterobacter aerogen
Enterococcus faecalis
Escherichia coli
Staphylococcus aureus
Inhibition was observed in the 
microorganisms tested, but sharp 
inhibition was detected against  
E. faecalis.

The most prominent properties of chitosan, as a compound obtained by  
various methods, can be attributed to its antimicrobial and antioxidant properties. 
Scientific publications reporting the antimicrobial activity of chitosan are specified 
in Tables 2 and 3. Considering these properties, the use of chitosan as an edible 
film to extend the shelf life of foods has been studied by many researchers.
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Chitosan or its 
derivatives

Preparation method and/or foods Target microorganisms  
and/or findings
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and dissolved in 0.25% acetic acid

Escherichia coli
Staphylococcus aureus
Salmonella typhimurium
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All microorganisms tested were 
inhibited but a higher effect was 
reported for E. coli.

Chitosan (0–2.0% w/w) Surimi gel made from black catfish 
(Clarias gariepinus)

Bacterial growth is inhibited.

Chitosan solution 
prepared in 1% acetic 
acid

Culture tilapia (Oreochromis 
niloticus)

A shelf life of 6 days was observed for 
the control group, while a shelf life 
of 12 days was observed for samples 
treated with chitosan.

Chitosan coating 
solution (1% and 2% 
w/v in 1% acetic acid)

Sardine (Sardinella longiceps) fillets Shelf life increased to 7 and 9 days, 
respectively, for fillets treated with 
1% and 2% chitosan compared to the 
control group, whose shelf life was 
5 days.

Chitosan coating 
solution (2% w/v in 1% 
acetic acid)

Rainbow trout (Oncorhynchus 
mykiss)

The shelf life of hot smoked fillets with 
a shelf life of 14–16 days, vacuum-
packed and stored at +4 °C was 
extended to 24 days for fillets treated 
with chitosan.

Chitosan coating 
solution prepared with 
2% (w/v) chitosan in 
1% acetic acid

Carp (Cyprinus carpio) A decrease was determined in the 
total number of aerobic organisms, 
psychrophilic bacteria, lactic acid 
bacteria, and Enterobacteriaceae 
bacteria.

1% (w/v) chitosan 
coating solution in 1% 
v/v acetic acid and 0.2% 
(w/v) bamboo leaves

Silver carp (Hypophthalmichthys 
molitrix)

The total number of living beings was 
higher in the control group stored at 
4 °C for 24 days.

Chitosan, deacetylated 
2% (w/v) in acetic acid 
at 1% v/v
Chitosan coating 
solutions with 1.5% 
cinnamon oil added

Rainbow trout (Oncorhynchus 
mykiss) fillets

When chitosan only and chitosan with 
essential oil were added, the shelf life 
with chitosan was doubled compared 
to the control group.

Chitosan-based edible 
coatings

Deepwater pink shrimp 
(Parapenaeus longirostris)

The shelf life of shrimp treated with 
chitosan was extended by 3 days.

Chitosan (2% w/v) 
prepared in 1% acetic 
acid added with thyme 
oil (1% w/v)

Butterfly-shaped rainbow trout 
(Oncorhynchus mykiss)

Compared to the control group, the 
shelf life of fillets treated with chitosan 
was extended by more than 15 days.
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Chitosan or its 
derivatives

Preparation method and/or foods Target microorganisms  
and/or findings

(0.125% and 0.25% 
w/v) carvacrol added 
chitosan (2% w/v)

Tilapia (Oreochromis niloticus) During the storage period of 21 days, 
total viable Vibrio parahaemolyticus, 
Vibrio cholerae, Vibrio alginolyticus, 
and the total coliform inhibitory effect 
were observed in fillets. Increasing the 
carvacrol concentration increased this 
effect.

Table 2. 
Studies revealing the antibacterial properties of chitosan, accordind to Olatunde et al. [43].

3. Conclusion and results

Chitosan is a versatile biopolymer that has a variety of commercial applications. 
However, individual research reports have used chitosans from various sources with 
varying physicochemical properties. Hence, the question arises as to how to globally 
produce chitosans with consistent properties. Each batch of chitosan produced from 
the same manufacturer may differ in its quality. Functional properties of chitosan 
vary with molecular weight and degree of deacetylation. With proper modifica-
tion of chitosan, its functional properties and biological activities can be further 

Microorganism Bacteria / Yeast / Mold Foods

Aeromonas hydrophila Sausage, Seafood

Bacillus cereus Meat, Seafood

Bacillus licheniformis Bacillus subtilis Bread, Meat, Sausage

Brochothrix thermosphacta Milk, Fruits and vegetables, Meat

Clostridium historyticum
Clostridium perfringens Coliform

Sausage, Meat, Soybean Sprouts

Enterobacter aeromonas
Enterococcus faecalis Escherichia coli

Fruits and vegetables, Bread, Meat

Listeria monocytogenes Fruits and vegetables, Meat, Sausage, Seafood

Pseudomonas aeruginosa Meat, Sausage, Seafood

Salmonella Enteritidis Mayonnaise, Meat, Sausage

Salmonella Typhimurium Bread, Meat, Sausage, Seafood

Staphylococcus aureus Bread, Meat, Sausage, Seafood

Vibrio cholerae Seafood

Vibrio parahaemolyticus Seafood

Candida albicans Seafood

Saccharomyces cerevisiae Bread

Zygosaccharomyces baili Juice

Aspergillus niger Bread

Aspergillus parasiticus Seafood

Fusarium oxysporum Seafood

Rhizopus nigricans Bread

Table 3. 
Antimicrobial activity of chitosan against some organisms in foods.
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enhanced, and more applications are being developed. Chitosan with different 
structures shows different biological activities and not all the biological activities 
are found in one kind of chitosan. Each special type of bioactive chitosan should 
be developed for its potential application. Moreover, many studies carried out on 
chitosan and chitooligosaccharide bioactivity have not provided detailed molecular 
mechanisms. Hence, it is difficult to explain exactly how these molecules exert their 
activities. Therefore, future research should be directed toward understanding their 
molecular-level details, which may provide insights into the unknown biochemical 
functions of chitosan. One major drawback of chitosan film is its high sensitivity 
to humidity, and thus, it may not be appropriate for use when it is in direct contact 
with moist foods. More research is needed to develop antimicrobial chitosan films 
that are less sensitive to humidity. Numerous researches conducted on food applica-
tions of chitosans have been done at a small or laboratory scale. Further research 
on quality and shelf life of foods, containing or coated with chitosan, should be 
conducted on scale-up with large volumes typical of commercial conditions.

Chitosan is a polysaccharide-based film applied to the outer surface of foods and 
is effective in controlling physiological, morphological, and physiochemical changes 
in foods. Chitosan films can control oxygen and moisture permeability and have 
antioxidant and antimicrobial effects on food. The most widely accepted hypotheses 
about the antimicrobial effect of chitosan are: 1) ionic surface interaction resulting 
in cell wall leakage; 2) inhibition of mRNA and protein synthesis by the penetration 
of chitosan into the nuclei of microorganisms; and 3) creating an external bar-
rier, chelating metals and triggering suppression of microbial growth in essential 
nutrients. All of these situations are likely to occur at the same time but at different 
densities. The MW and DD are also important factors in determining such activ-
ity. Generally, the lower the MW and DD, the higher the effectiveness in reducing 
microorganism growth and proliferation. Despite the many advantages of chitosan, 
there are also various restrictions related to its use. The most important limitation of 
chitosan is its low solubility at neutral pH. To compensate for this deficiency, various 
chemical and physical processes have been used to increase its solubility.

© 2021 The Author(s). Licensee IntechOpen. 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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are found in one kind of chitosan. Each special type of bioactive chitosan should 
be developed for its potential application. Moreover, many studies carried out on 
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mechanisms. Hence, it is difficult to explain exactly how these molecules exert their 
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molecular-level details, which may provide insights into the unknown biochemical 
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that are less sensitive to humidity. Numerous researches conducted on food applica-
tions of chitosans have been done at a small or laboratory scale. Further research 
on quality and shelf life of foods, containing or coated with chitosan, should be 
conducted on scale-up with large volumes typical of commercial conditions.
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in foods. Chitosan films can control oxygen and moisture permeability and have 
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