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ABSTRACT 
 

Molecular modeling at PM6 level for Collagen/Chitosan blend was introduced and showed that 
blending caused an increase in the total dipole moment indicating increased reactivity. The theoretical results 
were approved experimentally through carrying out some dielectric parameters, and AC and DC conductivities 
for some Collagen blends with different ratios. Collagen is blended with other biopolymers to enhance its 
physicochemical properties for tissue engineering applications. In this study, Collagen was blended with 
Chitosan at the ratios 30:70, 40:60, 50:50 and 60:40 respectively and with Agarose at the ratios 40:60, 50:50, 
60:40 and 70:30 respectively.  The measurements of the dielectric constant (ε′) and the dielectric loss factor (ε″) 
for the blends as well as their AC conductivity (σac) and DC conductivity (σdc) were measured over the 
frequency range of 100 Hz–5 MHz at room temperature. The conductivity showed steady increase with 
increasing frequency for both blends.  ε′ for the different ratios of the two blends increased with frequency while 
ε″ for the Collagen/Chitosan blends showed no significant change with increasing frequency with only some 
decrease at low frequencies.  The 70%-30% and 60%-40% Collagen/Agarose blends showed no significant 
change in ε'' with increasing frequency while the 40%-60% and 50%-50% blends showed remarkable increase in 
ε'' at high frequencies.  
 
Key words:  Molecular modeling, PM6, Dielectric constant, Collagen blends, Chitosan, Agarose, conductivity, 

dielectric loss. 

 

1. Introduction 
 

Polymeric materials are widely applied in the biomedical field. Although it is much easier to use 
synthetic polymers in the biomedical field, natural polymers are also required due to their biocompatibility and 
biodegradability. Another method of preparation of polymeric materials for biomedical applications is to blend 
different polymers with each other. The use of new materials based on blends of two or more polymers has been 
observed during the last three decades (Sionkowska, 2011). Of the major biopolymers used in biomedical 
applications are Collagen, Chitosan and Agarose. Collagen has great potential, in the field of biomaterials. The 
study of the interactions which can occur between Collagen and other biopolymers bears a great importance. 
Collagen is the major structural component of connective tissues and is an important biomaterial used in several 
applications as prosthesis, artificial tissue, drug carrier and cosmetics (Lima, 2006). The advantages of using 
Collagen products in biomaterials are their very low antigenicity, excellent biocompatibility, ease of association 
with other biologically active species, and their polyelectrolytic behavior (Chirita, 2008).  Chemical reactions 
can be used to modify Collagen like esterification, acylation, deamination of the ε-amino group of lysine, or 
blocking of the guanidine groups of arginyl residues or even alkaline hydrolysis (Horn and Amaro Martins, 
2009). 

Chitosan is a biocompatible, biodegradable, and nontoxic biopolymer and its importance is attached to 
the research on its combination with other macromolecules (Shih et al., 2009). Example of this is Chitosan 
blends with collagen (Lima, 2006; Horn and Amaro Martins, 2009; Shih  et al., 2009; Sionkowska, et al., 2006). 
Chitosan has generated enormous interest due to its various advantages such as low cost, easy availability as it is 
simply obtained by deacetylation of chitin (the second most abundant natural polymer) and its positive charge 
that allows it to interact with negatively charged groups present in the extracellular matrix (Sarasam and 
Madihally, 2005). Agarose, a polysaccharide obtained from red algae, has been extensively used in food, 
cosmetics and pharmaceutical industries (Teng et al., 2009).  It is an alternating co-polymer found in some 
seaweeds consisting of 1,4-linked 3,6-anhydro-α-l-galactose and 1,3-linked β-d-galactose derivatives that forms 
thermo-reversible gels upon cooling Agarose aqueous solutions (Zamora-Mora, et al., 2014). The 
biocompatibility of Agarose and the mild conditions of its gelation make Agarose suitable for applications in 
tissue engineering, however, Agarose hydrogels exhibit low cell adhesiveness and slow degradation rate and to 
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overcome these disadvantages, Agarose can be chemically functionalized or blended with others biopolymers 
(Zamora-Mora, et al., 2014).  Biopolymers like Collagen, Agarose and Chitosan exhibit the polar uniaxial 
orientation of molecular dipoles in their structure and can be considered as bioelectrets. In many natural 
structures, polar molecules are aligned in parallel with a preferred direction of the polar axis to form crystalline 
structures so such structures can be regarded as natural electrets. Biocompatible polymeric materials are now 
used extensively after proper polarization treatment for biomedical applications (Figueiró  et al., 2014). Water 
hyacinth is treated as cellulose like materials (Ibrahim et al., 2010) then a study is conducted in order to assess 
the effect of physical and chemical treatments on both the electrical and structural properties of the plant. Later 
on molecular modeling was utilized to understand the mechanism of controlling pollutants by the same plant 
water hyacinth (Ibrahim and Al-Fifi, 2010). It is stated that the reactive functional groups play an important role 
in their process via its hydrogen bonding. Both FTIR and molecular modeling were utilized to understand the 
functionality of biopolymers such as Cellulose, Lignin and Gelatin (Ibrahim et al., 2010; Ibrahim, et al., 2011; 
Ibrahim,  et al., 2011; Ibrahim, et al., 2012; Mahmoud, et al., 2014). Results indicate that molecular modeling 
confirms the results of FTIR on one hand and explore the reactivity of biopolymers on the other. 

In this work, semiempirical quantum mechanical PM6 method is utilized to describe the interaction 
between Collagen and Chitosan, and the charge distribution and total dipole moment were calculated.  
Collagen/Chitosan (Col/CS) and Collagen/Agarose (Col/AG) blends were experimentally prepared.  The 
conductivity and dielectric properties of Col/CS and Col/AG blends of different ratios were studies in order to 
examine their suitability to be used as soft tissue implant. 

 

2. Materials and Methods 
 
2.1- Reagents: 

Collagen Type V from bovine Achilles tendon was purchased from Sigma Aldrich (Steinheim, 
Germany). 

Chitosan low molecular weight was purchased from ABCO Laboratories ENG. Ltd (Gillingham, 
England). 

L-Agarose was purchased from Prolabo, by Neosystem Laboratories (Strasbourg, France). 
Trifluoroacetic Acid was purchased from Merck Schuchardt OHG (Hohenbrunn, Germany). 

 
2.2- Polymer Blend Preparations: 

Collagen was mixed with Chitosan and Agarose to get blends in the form of films.  The mixing ratios 
were fixed to be 30:70, 40:60, 50:50 and 60:40 for Col/CS blend respectively, and 40:60, 50:50, 60:40 and 
70:30 for Col/AG blend respectively. The mixtures were added to 10 ml Trifluoroacetic acid at room 
temperature with stirring for 24 hours until homogeneous solutions were obtained. The solutions were 
distributed into leveled polystyrene Petri dishes (10 cm in diameter).  To get the desired films, the solution was 
left to dry for 24 h at room temperature in open air.  Complete drying was avoided since some moisture is 
required for the films to remain flexible. Films were finally peeled off from the trays and placed in sealed 
containers to avoid moisture exchange. 
 
2.3- Instrumentations: 

Measurements of the dielectric constant ε' and the dielectric loss factor ε″ as well as σac (σac=ω ε'') and 
σdc were carried out using an impedance analyzer HIOKI 3532-50 Hi Tester LCR meter in the frequency range 
of 100 Hz–5 MHz at room temperature.  Samples used for measurements were circular in geometry with the 
same surface area, 1 cm of diameter and thickness of 1 mm. The results were recorded by a computer. 

The values of ε' and ε″ can be calculated from 

� ′ =
�.�

��.�
      (1) 

and 
� ′′ = �′. �      (2) 

where εo is the permittivity of free space, C is the capacitance, D is the loss and R is the resistance, all 
of which were obtained directly from the analyzer. 

Also, the values of σac and σdc can be calculated from 

��� =  
�

�.�
      (3) 

and 
��� =  �. �′′      (4) 
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where ω is the angular frequency, T is the sample thickness and A is its surface area. 
 

2.4- Calculation details: 
All the investigated compounds were calculated using SCIGRESS 3.0 Molecular Modeling Software 

(Stewart, 2009) at Spectroscopy Department, National Research Centre. The geometries of the studied 
compounds are defined by performing geometry optimization calculations using MO-G at PM6 (Stewart,  2007) 
level of theory.  Vibrational frequencies were calculated at the same level of theory in order to ensure that the 
calculated structures are corresponding to optimal structures. 
 
3. Results and Discussion 
 
3.1- Molecular Modeling: 

In the previous study, PM3 was utilized to present electronic properties for the Collagen/Chitosan 
interaction. In this work, a model molecule for Collagen is indicated by the amino acid Glycine. Then it is 
supposed to interact with Chitosan through four sites, first the hydrogen bond of NH2, then the OH of CH2OH 
and finally the other two OH. Based upon these results, the model which describes the interaction between 
Collagen and Chitosan is described in Fig. (1). The interaction took place as hydrogen-hydrogen interaction 
between two hydrogen bondings, the first one is belonging to the amide group of Chitosan while the second one 
is that corresponding to the carboxyl group of Collagen.  The electronic properties of such blend are carried out 
at PM6 level of theory. Molecular dipole moments can be found in common molecules as well as in 
biomolecules such as proteins (Ojeda and Garcia, 2010). It was stated earlier that the total dipole moment of a 
given structure could be a good indicator for its reactivity with its surrounding environment (Ibrahim and El-
Haes, 2005; Ibrahim and Mahmoud, 2009).  The molecular dipole moment is a sum of point charge and hybrid 
dipole moment, and using PM6 the total dipole moment was calculated and listed in table 1. 

The hydrogen- hydrogen interaction could affect both hydrogen atoms and the N-atom of the amide 
group of Chitosan and could also affect the O-atom at the carboxyl of Collagen.  Table 1 indicates that the blend 
shows a change in the calculated values of point charges then the distribution is changed which in turn changes 
the total dipole moment.  It was 7.314 and 7.707 Debye corresponding to Collagen and Chitosan respectively 
then increased to 32.796 Debye corresponding to Collagen/Chitosan blend.  In order to understand the reason 
for changing the point charge distribution in X, Y and Z direction and subsequently the total dipole moment, it is 
necessary to calculate the charge distribution in terms the electrons in their state as indicated in table 2. 

The atoms which reflect the interaction N; H (Chitosan) and O; H (Collagen) were followed to indicate 
the charges that they carry, the number of electrons and the distribution of electrons in s and p states.  The table 
indicates that, as a result of blending, the distribution of electrons and subsequently the partial charges are 
changed which is the main reason for increasing the total dipole moment and subsequently the reactivity of 
Collagen/Chitosan blend.  In this manner, the point charge which is considered as a hypothetical charge located 
at a single point in space, one can use and consider the electron as a point charge.  That is why it is realistic 
point to treat electrons here as point charges.  In this manner the tabulated data in table 2 must verify those in 
table 1. 

This model needs some kind of experimental approval through carrying out some electrical 
measurements for some Collagen/Chitosan blends with different ratios as in the following section.  The idea is 
that by means of the total dipole moment of the given material, one can compute the dielectric constant which is 
related to the more intuitive concept of conductivity.  This indicates that the obtained modeling results could be 
verified with the help of dielectric spectroscopy for a number of selected blends. 

 

 
Fig. 1: PM6 model structure for the interaction between Chitosan and Collagen. 

http://scienceworld.wolfram.com/physics/Charge.html
http://scienceworld.wolfram.com/physics/Electron.html
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Table 1: Calculated total dipole moment 

 Collagen Chitosan Collagen-Chitosan 
Dipole X Y Z Total X Y Z Total X Y Z Total 
Point 
charge 

-2.017 -4.938 -5.030 7.332 -5.661 1.634 -4.612 7.483 
-
18.362 

8.418 27.036 33.749 

Hybrid -0.338 0.015 0.161 0.375 -0.437 -0.591 0.016 0.735 0.922 -0.209 -0.503 1.071 

Sum -2.356 -4.923 -4.869 7.314 -6.098 1.043 -4.596 7.707 
-
17.441 

8.209 26.533 32.796 

 
Table 2: Charge distribution 

Atom Charge No. of electrons s-Pop p-Pop 
N -0.037652 5.0377 1.39025 3.64740 
N Cs -0.040085 5.0401 1.39109 3.64900 
H 0.275513 0.7245 0.72449  
H Cs 0.279302 0.7207 0.72070  
O -0.431607 6.4316 1.81376 4.61785 
O -0.430852 6.4309 1.81409 4.61677 
H 0.383186 0.6168 0.61681  
H 0.382384 0.6176 0.61762  

 
3.2- Dielectric constant and loss factor: 

The angular frequency dependence of the dielectric properties of the blends was determined at room 
temperature in a large frequency domain. The results are shown in Fig. (2) and (3). The angular frequency 
dependence of the dielectric constant ε' showed an increase with increasing frequency for all the blends. This 
can be attributed to possible increased dissipation of energy which led to thermal activation of electron 
exchange so that the electron exchange could follow the alternating field (Chaudhari and Patil, 2012; Li  et al., 
2009). Since the proposed blends are designed to be used as soft tissue implants, therefore the higher the 
dielectric constant the more desirable is the blend to be used as an implant. The dielectric constant represents the 
sum of two different component properties of materials; the polarizability and the dipole moment, and since the 
dielectric constant is a function of the dipole moment of a molecule, so the larger the dipole moment the greater 
the tendency of the material to respond to an applied field or to electrolytes present in the surrounding body 
fluids by reorientation of the microscopic dipoles.  This property qualifies the prepared blends to be surface-
reactive, facilitating the formation of natural fibrous tissue on the surface of the implanted blends (Ricciardi et 
al., 2012; Sautier et al., 1992). 

 

 
    (a) 
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   (b) 

Fig. 2: Dielectric constant of (a) Col/CS blends and (b) Col/AG blends as a function of the angular frequency. 
 
On the other hand and as shown in Fig (3), ε'' for the Col/CS blends of different ratios showed some 

decrease at low frequencies then showed almost no change with very minimal fluctuations with increasing 
frequency.  As shown in Fig. (3b), the 70%-30% and 60%-40% Col/AG blends showed no significant change in 
ε'' with increasing frequency while the 40%-60% and 50%-50% blends showed some fluctuations with 
increasing frequency but remarkable increase in ε'' at high frequency. 

 

 
   (a) 
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   (b) 

Fig. 3: Dielectric loss factor of (a) Col/CS blends and (b) Col/AG blends as a function of the angular frequency. 
 

3.3- Capacitance: 
Fig. (4) shows the angular frequency dependence of the capacitance of the prepared blends.  The 

general behaviour for both blends of all the ratios showed an increase of the capacitance with the frequency. 
 

 
   (a) 
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   (b) 

Fig. 4: Capacitance of (a) Col/CS blends and (b) Col/AG blends as a function of the angular frequency. 
 
3.4- Conductivity: 

The angular frequency dependent conductivity (σac and σdc) of the blends is shown in Fig (5).  As 
shown in the figure, σac and σdc are seen to follow a power law of the form A ωs (Salman and Mekki, 2011).  
The figures show frequency dependence of σac and σdc at room temperature. It can be observed from the figures 
that the conductivity increases gradually as frequency increases.  This is also attributed to the increased 
dissipation of energy with increasing frequency that resulted in enhancing the conductivity of the blends.  The 
lower conductivity values at low frequencies are related to the accumulation of ions due to the slow periodic 
reversal of the electric field while in the high-frequency region the conductivity sharply increases with 
frequency (Khiar et al., 2006). 

 

 
   (a) 



Middle East J. Appl. Sci., 5(5): 94-106, 2015 
ISSN 2077-4613 

 

101 

 
   (b) 

 
   (c) 
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   (d) 

Fig. 5: σac of (a) Col/CS blends and (b) Col/AG blends, and σdc of (c) Col/CS blends and (d) Col/AG blends as a 
function of the angular frequency. 

 
3.5- Electrical modulus: 

The study of complex electrical modulus can analyze the electrical response of the materials (Kaiser,  
2012). Physically, the electric modulus corresponds to the relaxation of the electric field in the material when 
the electric displacement remains constant, so that the complex electric modulus which is the reciprocal of the 
permittivity and represents the real dielectric relaxation process, can be expressed as (Dult et al., 2015) 

 
M* = (ε*)-1     (5) 

and 
 

M* = M' + iM'' = 
�′

(�′)� � (�′′)� +  �
�′′

(�′)� � (�′′)�    (6) 

where M′ and M″ are the real and imaginary parts of the electric modulus respectively. 
Equation (6) can finally then be written in the form (Johari,  2012), 

�′ =
�′

(�′)� � (�′′)� ;  �′′ =
�′′

(�′)� � (�′′)� ;  and tan δ =  
�′′

�′
                                                                                            (7) 

Fig. (6a and 6b) display the frequency-dependent M' curves of the Col/CS and Col/AG blends.  In 
correlation with the obtained results for the dielectric constant of the blends, the figures show decrease of M' 
with increasing frequency for both blends. 

The frequency dependence of the M'' for the Col/CS and Col/AG blends is shown in Fig. (6c and 6d).  
It can be seen in Fig. (6c) that the M'' for the Col/CS blends showed decrease of its value with increasing 
frequency as a general behaviour for the 50%/50% blend while for the other three Col/CS blends the same 
behaviour ceased to occur at higher frequency values where M'' showed nearly constant values. 

Fig. (6d) also showed decrease of M'' for the Col/AG blends with increasing frequency as a general 
behaviour for the 40%/60% blend while for the other three ratios M'' decreased with increased frequency with 
nearly no significant change at high frequency values. 
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   (a) 

 
   (b) 

Fig. 6: M' of (a) Col/CS blends and (b) Col/AG blends as a function of the angular frequency. 
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   (c) 

 
   (d) 

Fig. 6: M'' of (c) Col/CS blends and (d) Col/AG blends as a function of the angular frequency. 
 

Conclusion: 
 The obtained PM6 model indicated that blending Collagen with Chitosan increased the overall reactivity of 
the blend by increasing the total dipole moment of the blend to a greater value than that of the individual 
polymers. 
 Electrical results confirmed the results obtained theoretically for the Col/CS blend regarding increased total 
dipole moment. 
 Based upon the obtained results, the Col/CS 40%/60% and Col/AG 50%/50% were found to have the 
highest dielectric constant among the different prepared ratios and so they are more preferable than the other 
ratios to be used as soft tissue implants due to their greater reactivity thus ability to have natural fibrous tissue 
formed on their surfaces. 
 The conductivity of both of these ratios was found to lie in mid conduction range, therefore blends of those 
two ratios do mimic the cell membrane in which they have sufficiently high dielectric constant to be surface 
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reactive and in the same time have moderate conductivity to avoid extensive accumulation of static charges on 
their surfaces. 
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