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ABSTRACT 

The biodegradation of chitosan is catalyzed by enzymes or chemicals in vitro or in vivo and 
it refers to the breakdown of the polymer substance into smaller fractions such as 
monomers (D-glucosamine, N-acetyl-glucosamine). When using chitosan in drug-delivery 
systems and tissue engineering, the biodegradation rate is particularly crucial. The degree 
of deacetylation (DD) and molecular weight (MW) are the key factors for controlling the 
biodegradation rates of chitosan. In addition, chemical modifications of chitosan will 
significantly influence the biodegradation rate. Lysozyme is one of the most common used 
enzymes for in vitro degradation studies. The study of chitosan degradation in vivo can be 
conducted either by injecting chitosan intravenously or by implanting chitosan 
subcutaneously in laboratory animals. Oral administration can give valuable results and 
this technique can be used to study the degradation of chitosan in the gastrointestinal tract. 
Despite the fact that are numerous studies made so far, the mechanism of chitosan 
degradation is not yet fully understood.  
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INTRODUCTION 

Chitosan is a natural polyaminosaccharide composed of randomly distributed β-(1→4)-
linked D-glucosamine and N-acetyl-D-glucosamine, having a very similar structure to that 
of cellulose. This polymer is increasingly used in biomedical and industrial fields. During 
the last decades, chitosan has become an important tool in gene therapy due to its 
biocompatibility and low cytotoxicity. However there are some disadvantages such as low 
solubility in aqueous media, and regarding drug delivery, it shows low transfection 
efficiency, and low specialty on targeted disease [1, 2].  

As such form, chitosan is not present in nature, but it can be easily extracted from chitin 
through alkali deacetylation of this natural polymer. To „become” chitosan, chitin should be 
at least 60% deacetylated. The deacetylation of chitin can be performed in two ways: (1) by 
chemical hydrolysis, which happens under severe alkaline conditions, or (2) by enzymatic 
hydrolysis through particular enzymes such as chitin deacetylase [3, 4]. Chitosan has a rigid 
crystalline structure due to hydrogen bond which are formed inter- and intra-molecular 
because of the amine and hydroxyl groups [5]. 

Being the second most abundant polymer found in nature (after cellulose), chitin is 
found as a component part of many organisms, from fungi to crustaceans, to algae and insect 
cuticles [6, 7]. At industrial scale, however, the two main sources are represented by fungal 
mycelia and crustacean shells [8]. From these two, the mushroom source is considered more 
advantageous if considering the controlled production environment, this leading to a better 
reproducibility of the final product [9]. Another important aspect from which the fungal 
source is more appreciated is the allergenic point of view. The resulted chitosan is 
considered to be more suitable for biomedical applications [10]. 

As a natural polymer, the characterization of chitosan is very important because 
chitosan may be contaminated with organic and inorganic compounds. One significant 
drawback of chitosan is the poor solubility in aqueous solutions, except in acidic medium, 
and this makes the analyses slightly difficult to perform. The most used methods in 
characterizing chitosan are UV-spectroscopy, pH-potentiometric titration, IR-spectroscopy, 
NMR spectroscopy colloidal titration and also enzymatic degradation and viscosimetry and 
size exclusion chromatography [11, 12]. 

Chitosan solubility limits greatly its applications. One of the most important water 
soluble derivatives of chitosan are made by alkylation of amino group, or derivatization with 
charged functions of hydroxyl groups from the chitosan backbone. Compared to chitosan, 
these by-products have enhanced physicochemical and biological properties with great 
potential in applications such as tissue engineering and drug delivery. [13]. 

In the last years, there were many attempts to replace petrochemical products with 
renewable, biological components. Natural occurring polymers such as cellulose, chitin, 
starch, collagen, gelatin, and alginate [14] are abundant candidates that represent a 
sustainable source as they could reduce the consumption of fossil fuels, and thus having a 
positive impact over the environment. 

Maybe the most challenging work is equipping these biomaterials with the same 
properties of the synthetic products, from a functional perspective. Chitosan is regarded like 
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a unique biopolymer, and because of its intrinsic properties it is most valuable than any 
petrochemical equivalent.  

Chitosan is the only naturally occurring positively charged biopolymer [15] and also 
exhibits many important intrinsic features such as antibacterial along with antifungal activity 
[16], mucoadhesive, hemostatic and analgesic properties [17].  

Because in biomedical fields are used so many by-products of chitosan, it is very 
important to study their biodegradability. Researchers showed that chitosan can be 
biodegraded into non-toxic residues [18] and it is believed that the rate of its degradation is 
highly dependent on the molecular mass and also its deacetylation degree. Furthermore, 
there are studies that showed that, at some extent, biocompatibility of chitosan based-
materials can take place in physiological medium [19, 20]. These important features make 
chitosan an appropriate and outstanding candidate for biomedical applications. 

CHITOSAN BASED PRODUCTS 

Chitosan derivatives for gene therapy 

Gene therapy is a biomedical field that attracts many scientists attention. This 
application uses genetic materials (DNA, RNA), as a pharmaceutical agent in order to treat 
numerous diseases. The main mechanisms underlying gene therapy are: delivering missing 
genes, replacing the defective ones and disabling undesired gene expression [21]. Thereby, 
gene therapy has the ability of treating various diseases and the interest regarding this 
application is constantly increasing. However, there are some disadvantages when using 
genetic material. First of all, nucleic acids can be rapidly degraded by nucleases, also they 
have larger size, high anionic charge, poor cellular uptake, and non-specificity [22]. 
Trying to overcome these shortcomings, researchers use vectors in gene therapy for safely 
delivering genetic materials. 

Cationic polymers, like chitosan, are considered suitable carriers for delivery of non-
viral genetic materials [23]. These polymers can condense with genetic materials due to 
electrostatic interactions and then form polyplexes in order to facilitate the cellular uptake 
[24]. Moreover, scientist observed that polyplexes escape the lysosome degradation by 
triggering an osmotic swelling effect, this being possible due to amino group of polyplexes 
which are quick in enabling the cell to absorb protons [25].  

Chitosan has various bioactivities due to the primary amino groups present in this 
polymer main chain and for this reason chitosan is extensively used in many biomedical 
fields, such as drug delivery and gene therapy and also the industrial fields, such as water 
treatment, heavy metal flocculants and foods industry benefit from it [26]. 

Chitosan is a polysaccharide soluble in acidic solution, the optimum pH is about 6.5 
[26]. Its solubility it is highly dependent on the degree of deacetylation (DD). If DD is 
around 40%, chitosan can be soluble to a pH value equal to 9, whereas if the DD of chitosan 
is approximately 80%, then this polymer it is soluble only at a maximum pH value of 6.5. 
There are some other factors that influence chitosan solubility, such as molecular weight 
(MW) and ionic strength of the solution [1].  

Due to chemical properties described above, chitosan was extensively used as a gene 
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carrier for gene therapy. In pharmaceutical and medical applications, chitosan is used as a 
non-viral cationic polymer because of its biodegradability to normal body constituents, 
biocompatibility, bacteriostatic, fungistatic, hemostatic, non-toxic, anticancerogen, 
anticholesteremic properties. Being a cationic polymer, chitosan protects negatively charged 
genetic material against nuclease degradation.  

Various studies presented that chitosan/DNA polyplexes have been able to transfect into 
various cell types: human embryonic kidney cells (HEK293), cervical cancer cells (HeLa 
cell) [25], primary chondrocytes [27], Chinese hamster ovary cells (CHO-K1) [28], 
fibroblast cells (NIH 3T3) [29], epithelioma papulosum cyprinid cells (EPC) [30]. 

Chitosan 3D-scaffolds for tissue engineering 

When fabricating implantable scaffolds scientist should pay attention to body 
compatibility, scaffold mechanical properties, porosity, morphology, as well as healing and 
tissue replacement ability [31]. 

Very important data presented in published research concluded that tissue engineering 
scaffolds should not induce acute or chronic effects, should be biodegradable, because the 
new tissue should be able to replace the biopolymer used. Another important feature that 
scaffolds should possess is surface properties that promote cell attachment, differentiation 
and proliferation [32, 33]. Research in this direction are so valuable and chitosan could be a 
relevant candidate for 3D-scaffolds knowing that the preparation of such biomaterials could 
lead to substitution for damaged tissue and organs [34-36]. 

Chitosan hydrogels 

 
Hydrogels are very interesting biomaterials because their high content of water it makes 

them compatible with the majority of living tissues. These gels are formed of a liquid phase, 
usually water (sometimes adjuvants) and a solid phase (less than 10% of the total volume of 
the gel) that ensures the consistency of the gel [10]. Moreover, the hydrogels must be soft 
and flexible simulating soft body tissues, so it can minimize the damage that is made during 
implantation [37]. Besides biomedical scaffolds for tissue replacements, hydrogels are also 
used as drug and growth factor delivery [38-41]. 

There were three main types of hydrogels developed, one of them being physically 
associated chitosan hydrogels. These physically associated hydrogels are formed by 
reversible interactions (hydrogen bonds, hydrophobic interactions or electrostatic 
interactions) between polymer chains. The structure of the gel is given by these interactions, 
fewer interactions give a softer gel and a higher number of interactions will result in a 
tighter and stiffer gel. 

One remarkable property of chitosan is that it can form gels all by itself, not needing 
any additive. 

This process is possible due to the neutralization of chitosan amino groups, which leads 
to the inhibition of the repulsion between chitosan chains. As such, the chitosan hydrogel 
formation occurs due to hydrogen bonds, hydrophobic interactions and chitosan crystallites 
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[40, 42-44]. 
Chitosan hydrogels can also be formed by mixing chitosan with other water-soluble 

non-ionic polymers such as PVA (polyvinyl alcohol) [45-48]. Thermo-sensitive chitosan 
hydrogels can be formed by mixing raw chitosan with polyol salts such as glycerol 
phosphate disodium salt [49-52]. More stable hydrogels can be formed with polyethylene 
glycol) [53, 54].  

When forming gels, positively charged chitosan interacts with negatively charged 
molecules (sulfates, phosphates and citrates ions) [55, 56]. The swelling capacity of the 
obtained hydrogel is given by the number of D-glucosamine units vs. N-acetyl-D-
glucosamine units, as well as by the concentration and size of the anionic species presented 
in the hydrogel.  

Studies have described chitosan hydrogels in combination with larger negatively 
charged molecules such as proteins (albumin, gelatin, keratin, collagen and fibroin), anionic 
polysaccharides (alginate, pectin, hyaluronic acid, heparin, xanthan, dextran sulfate, 
chondroitin sulfate, fucoidan), glycosaminoglycans and carboxymethyl cellulose [51, 57-
66].  

Chitosan sponges 

Chitosan sponges, obtained by freeze drying, are very useful as wound healing 
materials, because of their ability of soaking wound exudates, and in the meantime inducing 
tissue regeneration. In bone tissue engineering, chitosan sponges are used as a filling 
material [67]. Such examples of chitosan sponges are chitosan/tricalcium phosphate (TCP) 
[68] and chitosan/collagen sponges [67], chitosan–ZnO composites which have a good 
swelling ration and show hemostatic activity [69]. 

Chitosan films 

Chitosan films are easily prepared by wet casting chitosan salt solutions followed by 
drying, either using oven or infrared (IR) drying [70, 71]. One example is Hem-Con bandage 
[72, 73] which is an engineered chitosan acetate derivative designed as a haemostatic 
dressing.  

Chitosan porous nanofibers 

Chitosan fibers can be produce in several ways, one of the first examples was reported 
in the early 1930, fibers were produce from acetic acid using dry and wet spinning [74-76]. 
In order to decrease the costs and improving fiber properties, chitosan was blended with 
other polymers such as sodium alginate [77], polyacrylic acid [78], sodium chondroitin 
sulfate, sodium heparin, sodium hyaluronat, cellulose [79]. 

In the recent years, the most used technique for preparations of nanofiber membranes is 
electrospinning (ESP). This is a versatile technique which produces polymer fibers from a 
few nanometers to microns in diameter [4]. 
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BIODEGRADABILITY MECHANISM  

When explaining chitosan biodegradability, it is important to know that chitosan, 
besides being a polymer bearing amino groups, it is also a polysaccharide, thus containing 
breakable glycosidic bonds. Chitosan seems to be degraded in vivo by unspecific enzymes, 
but mainly lysozyme was reported to have a such property [37, 80].  

Biodegradation of chitosan leads to non-toxic oligosaccharides formation. It is possible 
that these oligosaccharides, with variable lengths, can be either incorporated in metabolic 
pathways or be excreted. 

Zhang et al. observed that there is a link between degradation rate and molecular mass, 
deacetylation degree (DD) and the distribution of N-acetyl D-glucosamine residues [81]. 
The relation between chitosan biodegradability and DD is also dependent on crystallinity, 
chitosan being a semi-crystalline polymer. Crystallinity has its maximum at a DD equal to 0 
(chitin form) or 100% (fully deacetylated chitosan), and it decreases at an intermediate DD. 
The biodegradation rate is increasing when crystallinity decreases, and this happens closely 
to 60% DD of chitosan. 

Acetyl residues distributed along chitosan chain also affect the crystallinity of chitosan, 
and consequently, the biodegradation rate. It is appropriate to conclude that the smaller 
chitosan chains are more efficiently biodegraded that higher molecular mass chitosans [12, 
82]. 

Although many tests have shown that chitosan is biocompatible and presents low 
toxicity [83, 84], FDA (Food and Drug Administration) only approved the use of chitosan as 
wound dressing [85].  

Preparation method is crucial in determining biocompatibility of chitosan with 
physiological medium. One of the major concern related with biocompatibility it to avoid 
allergic reactions, that can be caused by residual proteins. The biocompatibility seems to be 
influenced by the density of amino groups on the polymeric chain, i.e. the biocompatibility 
increases with DD. Compared to chitin, chitosan proved to be more biocompatible in vitro. 
Apparently, with the increase in the number of positive charges, the interaction between 
chitosan and cells increases also, thus improving biocompatibility [86].  

Being a natural biodegradable biopolymer, chitosan undergoes enzymatic degradation to 
non-toxic components.  

In vivo, chitosan may be degraded by several enzymes, first of all by lysozyme which is 
a non-specific enzyme present in all mammalian tissues. Degradation products are non-toxic 
oligosaccharides which can be afterwards either excreted or incorporated to 
glycosaminoglycans and glycoproteins [87].  

In vitro degradations of chitosan happens via oxidation, chemical, or enzymatic 
hydrolysis. These methods are commonly used for the preparation of low molecular chitosan 
under controlled conditions [88]. A crucial role in degradation rate is represented by 
molecular weight, deacetylation degree, polydispersity, purity level and moisture content.  

The possible mechanism of degradation of chitosan usually begins with random splitting 
of β-1,4-glycosidic bonds (depolymerization) followed by hydrolysis of N-acetyl linkage 
(deacetylation). Consequently, molecular weight decreases and an increase in deacetylation 
degree is observed. Simultaneously, the cleavage of chitosan functional groups (amino, 
carbonyl, amido, and hydroxyl) may occurs, depending of the chemical and / or enzymatic 
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conditions. In addition, chitosan depolymerization may induce formation of free radicals 
which can lead to oxidation processes [89]. 

The polymer structure is altered by strong intermolecular interactions between formed 
fragments of chitosan, thus leading to the irreversible loss of its physicochemical properties. 

Although numerous data have been published regarding chitosan application in 
biomedical fields, very few studies and review articles have investigated the long term 
stability of chitosan based products [90].  

4. CONCLUSIONS 

When using chitosan in applications for controlled drug delivery and tissue engineering 
it is required that, this polymer must be not only biocompatible but also biodegradable. 
Understanding of the biodegradation of chitosan is not only crucial but also necessary, 
because it involves performance and safety issues. Degradation rate of chitosan-based 
products depends on their applications. For example, when using chitosan-based product as 
a template in tissue-engineering applications, the degradation rate of the chitosan derivative 
should be relatively slow, because it should maintain its mechanical strength until tissue 
regeneration is almost complete. On the other side, if chitosan is used as a drug delivery 
carrier, then it should degrade relatively quickly but in a controlled manner in order to 
release continuously the drug to the target. The chemical structure also influences the 
biodegradation rate of chitosan, and also the MW, and the surrounding media to which it is 
applied. The degradation kinetics could affect the cell growth, tissue regeneration, and host 
response. 

Biodegradation is even more important when chitosan derivatives are to be used in 
humans as drug delivery carriers or as tissue-engineering scaffolds. Biodegradation can be 
investigated using in vitro biodegradation methods, followed by in vivo models. The 
hydrolysis of chitosan and its derivatives, and thus biodegradation of the biomaterials in 
humans, is mainly catalyzed by lysozymes, chitosanases, chitinases, and chitin deacetylase 
enzymes. The MW and DD of chitosan are the dominant factors affecting the rate of 
biodegradation. High MW and DD it is believed to contribute to slow degradation, whereas 
low MW and DD enhances the biodegradation rate.  
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