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Abstract. Chitosan and collagen are naturally-derived materials with multiple applications, but their 

mixtures present phase separation phenomena. This shortcoming in relation to the mixture processing 

and, obviously, the applications can be overcome by choosing the appropriate composition. 

Rheological methods have been used to study collagen - chitosan mixtures to highlight their 

compatibility conditions in solution. Through the use of oscillatory rheometry, the viscoelastic 

behavior of collagen-chitosan mixtures in 0.5M acetic acid solution was analysed. The storage 

modulus (G') was used to describe the elasticity of the material, while the loss modulus (G") provided 

information on the viscous behavior of the mixtures. 

 

Keywords: chitosan, collagen, viscoelastic properties, rheological behaviour 

 

 

1.Introduction 
Both chitosan and collagen are naturally-derived materials with multiple applications in the 

biomedical field. Chitosan (CS) is a linear polysaccharide, copolymer of N-acetyl-glucosamine and N-

glucosamine units, derived from the deacetylation of chitin, an abundant organic molecule. Due to the 

presence of reactive amino and hydroxyl groups, CS can be easily modified too and is able to form 

complexes with acids and polycarboxilic acids. Being a biocompatible and biodegradable polymer, 

presenting antimicrobial activity, wounds healing properties and low immunogenicity, CS is of great 

interest in numerous medical applications, especially in tissue engineering and the preparation of 

microparticles and microspheres with entrapped drugs for controlled delivery [1–5]. In acid medium 

(pH values lower than 6.5), CS presents a polycationic character and it is soluble because of the 

transforming of neutral -NH2 groups into positively charged –NH3
+. The amino groups can be easily 

used for active biological ligands anchorage. Collagen (Col) is the most abundant structural protein 

found in the animal organs – in skin, tendon, cartilage and bone. The basic structure of Col, known as 

tropocollagen, consists of three polypeptide chains, each twisted in a left-handed helix (α-chain), and 

coiled around each other to form a right-handed triple super helix. Medical and pharmaceutical 

applications of collagen include its use in membranes, biodegradable films, wound and burns dressing, 

tumor treatment, and tissue engineering [6–10]. 

The specific properties of CS and Col may be used to produce blends or composite materials with 

new structural properties. CS-Col composite materials are suited for active principles encapsulation 

and controlled delivery, as injectable. The relation between the physicochemical characteristics of CS 

and its interactions with Col was previously investigated [11–16]. It has been found that CS can 

modify the behavior of Col when the biological or mechanical proprieties are evaluated. The thermal 

and mechanical characteristics of CS/Col films or fibers depend on the composition of the blend [16–

18]. The molecular interactions in polymer systems are due to specific interactions between polymeric 

partners, which give rise to a negative free energy of polymers mixing. Collagen and chitosan mixtures 

present phase separation  phenomena, which, in terms of  polymers compatibility theory, makes  them 
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incompatible [19, 20]. The continuous need to develop biomaterials to be used in tissue engineering or 

as carriers for controlled drugs delivery has highlighted the shortcomings created by phase separation 

in relation to mixture processing and, obviously, the applications of the system characteristics [21]. 

Applied research is focused on finding mixing conditions that avoid the phase separation phenomenon, 

taking into account the composition of the mixture, the pH of the environment, as well as the nature 

and the concentration of some additives which, through their properties, stimulate mixtures 

compatibility.  

In view of the above mentioned, rheological methods have been used to study the collagen - 

chitosan system in order to highlight the compatibility conditions of their mixtures in solution. 

Rheology is defined as the science of the deformation and flow of matter. It investigates the response 

of materials to an applied stress or strain [22, 23]. Rheological properties describe flow characteristics 

and textural behavior of substances. The success of a wide range of commercial products and industrial 

processes depends on meeting specific flow requirements. Rheological behavior can be generally 

divided in two types [24]: elastic behavior, where the material restores its original shape when the 

external force is removed, and viscous or plastic behavior (such as in ideal Newtonian liquids), where 

deformation ceases and the material does not regain its original shape when the applied force is 

removed [25]. Through the use of oscillatory rheometry the viscoelastic behavior of collagen-chitosan 

mixtures in 0.5M acetic acid solution was analyzed as a function of temperature. The storage modulus 

(G'-elastic modulus) describes the elasticity of the material, while the loss modulus (G"- viscous 

modulus) provides information on viscous behavior. 

 

2.Materials and methods 
Collagen has been obtained in our laboratory from bovine skin following a previously published 

procedure [16]. The protein has been extracted using a combined acid-alkaline treatment. The viscosity 

has been determined in 0.5M acetic acid solution, at 25oC ( =4.256 dl/g, isoelectric pH = 4.82). CS 

with an average molecular weight of Mw= 94,800 g/mol, polydispersity index of 3.26 and 

deacetylation degree of 79.7 % was purchased from Vanson, Inc. (Redmond, W.A. USA). The 

composite solutions were prepared by mixing appropriate volumes of collagen (1%) and chitosan (1%) 

in 0.5 M acetic acid. 

Rheological tests have been performed on a Physica MCR 501 modular rheometer (Anton Paar, 

Austria) equipped with an electronically commutated synchronous motor allowing rheological testing 

both in controlled stress (CS) and control strain (CR) modes. Parallel-plate geometry with a diameter 

of 25 mm was selected as a measuring system. The samples were heated using the rheometer Peltier 

system. All rheological characteristics were determined in dynamic oscillation mode [26, 27]. The 

measurements were performed at least three times to verify the reproducibility. 

 

Measurements  

The amplitude sweep is used to determine the limit of the linear viscoelastic (LVE) range. Here, 

the oscillation frequency is kept constant (ω = 10 rad/s), while the oscillation amplitude (γ) is varied 

(between 0.01 and 100%). The limit of the LVE range allows the determination of the maximum 

deformation tolerated by the sample before the internal super-structure is destroyed. 

The frequency sweep is a widely used standard test in material rheology. In this test a sinusoidal 

strain with a constant amplitude (γ = 0.1-1%) is applied and the oscillation frequency is varied 

(between 0.01 and 100 rad/s). All measurements were carried out at 20oC constant temperature. 

Flow curves were recorded in the 0.1 to 100 s-1 domain at 20oC constant temperature. 

Dynamic temperature sweep tests were induced after equilibration at the initial temperature (20oC). 

The samples were heated from 20oC to 50oC at a 0.5oC/min rate at a constant angular frequency of 10 

rad/s and a constant strain in the linear viscoleastic region. Temperature test was performed in a 

dynamic oscillation (constant strain) mode (typically, strain amplitude and frequency = 0.1% and 1 Hz, 

respectively).  
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The results were presented as the variation of the storage modulus, the loss modulus, and/or tan δ 

with temperature. 

 

3.Results and discussions 
A series of samples with different ratio between collagen and chitosan were prepared with the 

composition described in Table 1. The mixtures presented a structure ranging from liquid-like to gel-

like, depending on composition. Dynamic oscillatory rheology was used to investigate the mixtures 

viscoelastic behavior in order to determine the compatibility conditions between the two components.  

 

Table 1. Composition of the analyzed samples 
Sample Code Collagen (%) Chitosan (%) 

1 90/10 (Col/CS) 90 10 

2 80/20 (Col/CS) 80 20 

3 70/30 (Col/CS) 70 30 

4 60/40 (Col/CS) 60 40 

5 50/50 (Col/CS) 50 50 

6 40/60 (Col/CS) 40 60 

7 30/70 (Col/CS) 30 70 

8 20/80 (Col/CS) 20 80 

9 10/90 (Col/CS) 10 90 

1.1 0/100 (Col/CS) 0 100 

1.2 100/0 (Col/CS) 100 0 

 

Amplitude sweep 

A 10 rad/s frequency strain sweep test was performed to determine the linear viscoelastic region, 

from which an appropriate strain was selected (Figure 1). Viscoelastic properties of the network were 

evaluated by recording the evolution of the dynamic moduli, G’ and G”. The evolution of the storage 

modulus (G’) gives information about the solid-like (elastic) behavior of the sample, while the loss 

modulus (G”) offers information about the liquid-like (viscous) behavior [26, 28]. The deformation 

limit resulting from the amplitude sweep data is between 0.1 - 1%. As can be easily noticed from 

Figure 1 and Table 2, stable liquid structures are obtained for materials with low collagen content, 

while the addition of collagen determines the development of stiffer gel structures. The tan δ values are 

supporting this observation. 

 

 
Figure 1. Amplitude sweep for 0/100 (Col/CS), 

 100/0 (Col/CS) and 50/50 (Col/S) samples 
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Determination of the linear dynamic moduli at small deformation amplitude (Table 2) showed that 

all collagen-containing materials are stiffer than the sample containing only chitosan. This observation 

is in agreement with the assumption of protein network formation in which polysaccharide particles 

are included. The G’ minimum value (0.13 Pa) was recorded for 0/100 (Col/CS) sample, while 100/0 

(Col/CS) had a G’ value of 23.76 Pa. The rheological results led to the idea of tailoring mixtures with 

different proprieties varying from structured liquids to hydrogels, suitable for a wide range of 

applications. 

 

Table 2. Dynamic moduli (G’ and G”) and tan δ for γ = 0.1% 

 

Frequency sweep  

Storage modulus (G’) and the loss modulus (G”) were measured from a constant strain frequency 

sweep over a 0.1-100 rad/s frequency range. Figure 2 (a), (b), (c) and (d) shows the frequency 

dependence of the dynamic moduli (G’ and G”), as well as the complex viscosity, at 20oC for all 

collagen/chitosan mixtures. This temperature was chosen in order to avoid the denaturation of the 

samples. As expected, the storage modulus becomes higher than the loss modulus when collagen 

content is increased, suggesting the development of a gel structure. The dependence of G’ and G” on 

frequency suggests a greater contribution of physical bonds in the network formation. The strongest 

influence of frequency on G” and only a slight increase of G’ with frequency is characteristic for 

physical hydrogel materials [29–31] (Figure 2). The gel strength and its mechanical and structural 

stability can be appreciated by the magnitude of G’ and by the difference between G’ and G” [32]. 

Figure 2 (e) and (f) presents the variation with frequency for the complex viscosity of the biopolymers 

mixtures. For all samples a shear thinning behavior is characteristic as η* is increasing with the 

increase in frequency [33]. Different structures are obtained for different component ratios. The 

molecular interaction that can exist in aqueous medium, at acidic values, between the cationic 

polyelectrolyte chitosan and the amphoteric polyelectrolyte collagen are: (1) the electrostatic 

repulsions between the positively charged entities and (2) the hydrogen bonds and hydrophobic 

interactions among the biopolymer chains. In the present case, the structures are stabilized mostly by 

the second type of interactions, i.e. hydrogen bonds and hydrophobic interactions. With the addition of 

chitosan to collagen, a decrease of the storage modulus, the viscous loss modulus and the apparent 

viscosity (as a function of frequency) is observed [34]. It was also found that collagen/chitosan 

systems can exhibit both fluid-like and solid-like viscoelastic behaviors depending on the percentage 

of the two components [25]. 

Analysing the results from the mechanical spectra of the protein/polyssacharide mixtures, 

important data on materials designed for specific applications can be obtained. Harder or softer support 

materials may be manufactured by choosing the appropriate protein/polyssacharide ratio. Significant 

information for the polymer processing operation can be also obtained.  

 

Flow curves 

The flow curves (Figure 3) were recorded at 20oC for increasing shear rates. The chitosan solution 

has a non-Newtonian behavior for low shear rates and a Newtonian plateau for higher shear rates. The 

collagen solution has a typical non-Newtonian character with a clear Newtonian domain for low shear 

rates allowing the calculation of zero-shear viscosity. By the addition of chitosan the non-Newtonian 

character of mixtures diminishes and the zero-shear viscosity decreases. Obviously, the increase of the 

collagen content modifies the structure and the physical interactions in the blends. The shear-thinning 

Sample 1.2 1 2 3 4 5 6 7 8 9 1.1 

G’ (Pa) 23.76 76.75 19.20 23.24 5.87 5.97 5.80 1.93 4.58 0.65 0.13 

G” (Pa) 4.00 5.16 2.89 3.43 2.39 2.08 1.97 1.62 2.12 0.84 0.80 

tan(δ) 0.16 0.06 0.15 0.14 0.40 0.34 0.33 0.83 0.46 1.29 6.15 
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behavior of the collagen/chitosan mixtures, characteristic for a lot of biopolymeric systems of great 

technical and practical importance is of outstanding importance for many processing and handling 

techniques [35]. These materials are not a constant material property, but will reasonably depend upon 

the state of stress the solution is subjected to. All the analysed samples behave as typical non-

Newtonian shear-thinning fluids exhibiting wide Newtonian plateaus for low shear rates [36]. This 

behavior is due to the orientation of the dispersed asymmetric molecules occurring in shear stress 

experiments. When the shear rate increases, this effect will become more pronounced and will cause a 

decrease of the internal friction due to the smaller effective interaction between the molecules. 

 
Figure 2. Frequency sweep results for the collagen/chitosan mixtures at different  

composition ratios: (a), (b) storage modulus; (c), (d) loss modulus; (e), (f) complex viscosity 

 

 

Figure 3 depicts the apparent viscosity dependence on shear rate for all the analysed 

collagen/chitosan mixtures. The initial Newtonian zone is clear as well as the pseudoplastic character 

of all materials [34]. The shear thinning behavior of collagen/chitosan blends becomes more 

pronounced when collagen proportion is increased [25, 37, 38]. 
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Figure 3. Flow curves for collagen/chitosan mixtures 

 

Temperature test 

The storage modulus (G’) describes the elasticity of the material whereas the loss modulus (G”) 

reflects the dissipated energy as a measure of the viscous properties [39]. The mechanical properties, 

as a function of temperature for collagen/chitosan mixtures, have been determined using oscillatory 

rheometry for a temperature range between 20o and 50oC (Figure 4). 

The dynamic moduli of collagen/chitosan mixtures, as a function of temperature, were found to be 

similar to those of pure collagen (Figure 4). The storage modulus, G’, and the loss modulus, G’’, 

corresponding to the pure collagen solution and the collagen/chitosan mixtures (Figure 4(a) and 4(b)) 

slightly decreased with increasing temperature and presented a sharp modification at 22-30°C, 

reflecting the denaturation process typical for pure collagen and collagen/chitosan mixtures [40]. 

Figure 4 (c) shows the variations of tan δ as a function of temperature. The loss factor, tan δ = G ''/G ', 

characterizes the contributions of elastic and viscous portions in the overall behavior of the analysed 

sample. Generally, for the liquid state tan δ > 1 (G "> G '), and for the solid state tan δ < 1 (G '> G "). 

The state transition or gelling point appears at tan δ = 1, (G '= G "). Below 30oC, tan δ values were 

lower than 1 for all samples reflecting the gel or solid-like structure of the materials. The exceptions 

are the chitosan solution and the mixture with the lowest collagen content for which tan δ is above 1, 

exhibiting a liquid-like behavior.  The rapid increase in tan δ with temperature reflects the denaturation 

process of protein present in the samples [33]. Structural changes of the collagen, like decay of 

bioactivity, may happen as an influence of the temperature [35]. 

 

 
Figure 4. Temperature dependence of (a) G’, (b) G”, and (c) tan δ for collagen/chitosan samples 
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4.Conclusions 
Due to the importance of rheology for various products and processes including the design of 

collagen/chitosan based materials for specific applications, this article attempted to analyse the 

applicability of rheological studies in tailoring desired material properties. For the above mentioned 

reasons and as a result of recent development of biomaterials issued from chitosan/collagen mixtures, 

we were interested to study the interaction between chitosan and collagen. A series of 

collagen/chitosan mixtures have been studied using simple and oscillatory rheological tests. The 

rheological parameters controlling processing, mechanical stability and application of these materials 

have been determined. All the studied systems exhibited gel-like behavior, with different consistencies 

and degrees of structural stability. A good correlation between rheological parameters and systems 

structure was found. 
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