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Highlights 
Chitosan-hydroxyapatite do not have intrinsic electret properties 

It is not possible to charge them with corona treatment 

The ε values of chitosan-hydroxyapatite composites are similar those of bone tissues 

 
Abstract: Chitosan-hydroxyapatite composite materials were synthesized and the possibility to 
make their surface charged by corona discharge treatment has been evaluated. Dielectric and 
electric properties of the materials were studied by dielectric spectroscopy, including application 
of equivalent circuits method and computer simulations. Dielectric spectroscopy shows behavior 
of the materials quite different from that of both chitosan and HA alone. The obtained dielectric 
permittivity data are of particular interest in predicting the materials' behavior in 
electrostimulation after implantation. The ε values observed at physiological temperature in the 
frequency ranges applied are similar to ε data available for bone tissues. 
 
Keywords: Chitosan; composite; hydroxyapatite; electric properties; dielectric spectroscopy; 
corona discharge 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
Carbohydrate biopolymers attract attention because of their unique physico-chemical and 

biological properties. They allow one to create a variety of materials. An important area of their 
application is medicine: the creation of biologically active agents, materials for drug 
encapsulation, the preparation of scaffolds for tissue engineering, etc. In this case, it is important 
that these polymers are non-toxic, biocompatible, and able to provide optimal conditions for 
adhesion, expansion and cell immobilization thus promoting the integration of an implant with 
the surrounding tissue. One of the most promising polymers in this respect is chitosan, derived 
from natural chitin. Chitosan is a product of chitin deacetylation; its macromolecule comprises 2-
amino-2-deoxyglucopyranose and 2-acetamido-2-desoxyglucopyranose monomers; their 
percentage is called the degree of deacetylation of chitosan. Chitosan possesses antioxidant, 
antibacterial, radioprotective, immunomodulatory properties, fibre- and film-forming ability, it is 
non-toxic, can be easily modified or used in making composite materials capable of 
biodegradation. Its electrical characteristics (e.g. volume resistivity and electret properties), 
poorly studied at present, strongly influence the properties and biological activity of chitosan-
based materials.  

One of the most effective ways of varying the characteristics of various polymers is to 
create composites based on them. In this paper, chitosan-based composite materials with 
nanoscale hydroxyapatite (HA) are studied. HA, the mineral component of bone, is absolutely 
harmless to a living organism non-toxic polarizable material. HA is a crystalline form of calcium 
phosphate with either monoclinic or hexagonal crystal symmetry. The stoichiometric formula of 
HA is Ca5(PO4)3(OH), although the crystal structure can exist in a wide range of 
nonstoichiometric compositions. The chemical composition of HA can be widely varied by 
partial substitution by other ions of calcium, phosphate, or hydroxyl at their positions in the 
crystal lattice. The hydroxyl groups form linear columns along the crystallographic c-axis that 
give rise to the dielectric properties of HA, including high temperature proton conductivity, 
ferroelectricity, piezoelectricity, pyroelectricity and electret behavior. Hydroxyapatite is the 
primary mineral component of bone tissue, and the osteoconductive properties of synthetic HA 
have led to its widespread use as coating or additive in bone grafts, scaffolds, and orthopedic 
implants. It has been shown that electrical polarization of HA enhances bioactivity and 
osseointegration, both in vitro and in vivo.  

Generally, a surface with net positive or negative charge, compared to neutral one, is 
expected to be more hydrophilic, facilitating interfacial processes and protein adsorption (B. D. 
Boyan, 1996). Furthermore, surface charge has been shown to increase osteoblast adhesion and 
early stage bone mineralization at the bone-implant interface with two main mechanisms 
suggested for surface charge’s positive affecting of materials’ osseointegration: by forming an 
apatite layer (adsorbing Ca2+ and PO4

3-) and by adsorbing certain types of proteins with desirable 
reactions with bone-forming cells (Shelton 1991; Guo, 2012). Thus, surface charge modification 
of bone scaffold materials is a promising new direction for improving their biological properties 
and performance. Although it is a relatively new approach, it has been rapidly gaining attention, 
with a lot of research focusing on effective and practical techniques that create a long-lasting 
electric field on the material surface. All applied methods can be roughly categorized in two 
main groups: chemical modification of the surfaces, producing charged groups along them with 
one predominating polarity (Hoven V.P., 2007), and physical methods, producing electret 
materials - quasi-permanently polarized and having accumulated surface charge of opposite 
polarity on two opposite sides (Sessler, 1999). One of the physical surface charge modification 
methods for obtaining electrets is the corona discharge treatment (also known as air plasma 
treatment) of the materials (T.A. Yovcheva, 2010), a surface modification method that utilizes a 
low temperature corona discharge plasma, generated at a sharp tip electrode with the application 
of high voltage, to impart changes in the properties of a surface. 

Several works are devoted to the preparation of electret chitosan films and the study of 
their biological properties. Chitosan electret membranes exhibit stable surface charges, with 



good bioactivity and biodegradability. Yanying Wang et al. studied the effects of chitosan 
bioelectret membrane on bone regeneration in a rabbit cranial defect model. The bioelectret was 
fabricated by film casting and polarized by grid-controlled corona charging (−1 kV). The 
bioelectret membrane recipients had a significantly higher volume of newly formed bone and 
greater rate of material degradation than the non-polarized membrane recipients. Furthermore, 
the bioelectret membrane induced new bone formation not only around the host bone but also in 
the center of the defect. Chitosan bioelectret membranes have been shown to have an apparent 
potential for guided bone regeneration applications. Additionally, some data suggest that 
chitosan surfaces, that have been chemically modified to be positively or negatively charged, can 
increase protein adsorption on the material surface, explained in terms of electrostatic attraction 
and repulsion, and, as a result, mediate cell-scaffold interactions and improve cell adhesion 
(Hoven V.P., 2007). 

There is some data published on dielectric/impedance spectroscopy and related methods 
of chitosan materials in the form of films. E.I. Bobritskaya et al. investigatad chitosan polymer 
films by dielectric and thermally activated spectroscopy. The same authors studied chitosan films 
with a mineral filler by dielectric spectroscopy, showing that the conductivity of the biopolymer 
decreases with the addition of filler particles. In the work of Atif Islam et al. the effect on 
conductivity of chitosan-silane crosslinked-poly(vinyl alcohol) blended films due to change in 
the concentration of PVA and temperature was investigated by impedance spectroscopy and 
showed good conductance properties. The ionic conductivity of the films initially increased with 
the increase in temperature for all synthesized samples, which showed an increase in the number 
of effective charge carriers, and decreased at a specific higher temperature for each film. P. 
Murugaraj studied the hydration of chitosan films by dielectric spectroscopy in a conventional 
constraining plate configuration and did comparison with free standing films. In the study of 
K.S. Zhao et al the dielectric properties of chitosan microsphere beads in aqueous electrolyte 
solutions were investigated in the 1–500 MHz frequency range. Distinct dielectric relaxation was 
observed around 10 MHz in weakly acidic solutions (pH 4–6) and the relaxation intensity 
depended on the electrolyte concentration. Using the relatively nondestructive electrochemical 
impedance spectroscopy method, that also can be performed under physiologically relevant 
conditions, some authors were able to obtain data on pore characteristics of chitosan materials 
comparable to that of scanning electron microscopy (SEM) and mercury intrusion porosimetry 
(MIP), two commonly used methods for scaffold characterization which require dry samples and 
vacuum conditions for measurement (Tully-Dartez, 2009).  

Much more research has been done on surface charged HA and HA-based materials. 
Electric and dielectric properties of HA can be influenced significantly by the orientation of OH- 
ions in HA crystals. Cong Fu et al. demonstrate that hydroxyapatite retains surprisingly large 
stored charge when synthesized electrochemically from aqueous solution. Some publications 
describe the production of surface-charged HA by polarization by proton transport under DC 
fields in the order of few kV/cm at high temperatures (200-400˚C), where large surface charges 
can be induced. The surface-charged HA scaffolds have shown a significantly increased 
osteoblast adhesion, cell proliferation and metabolic activity compared to non-charged controls 
and performed much better in in vitro and in vivo tests, accelerating new bone formation 
(Tarafder, 2011; Bodhak, 2009; Dekhtyar 2008; Itoh, 2006). The study of the electric and 
dielectric properties of HA, to big extent by dielectric/impedance spectroscopy and related 
methods, has also been of interest for a number of potential applications, including bone grafts 
(Gittings, 2009; Zacharov, 2001). Importantly, HA materials exhibit piezoelectric and 
pyroelectric properties (Gittings, 2009; Tofail, 2009; Baxter, 2009), just as bones do, and which 
are important in bone growth and remodelling (Telega, 2002; Fukada, 1981). Electric and 
dielectric properties of HA have also been studied in regard of materials’ interaction with 
electrical fields applied to improve fracture healing and enhance bone growth (Gittings, 2009).  

A lot of studies have examined the electrical and dielectric properties of HA and HA-
based materials. However, the studies of dielectric characteristics of chitosan/HA composites are 



virtually absent. There are only scarce reports about obtaining electret composites. Miho 
Nakamura et al. evaluated the effects of composite wound dressing films made of silk fibroin 
(SF) containing hydroxyapatite (HA) or polarized HA (pHA) powders on endothelial cell (EC) 
behaviors that have important roles in the wound-healing process. In the investigation of Yi Li 
Qu et al., chitosan/nanoHA electret membranes with negative charges were fabricated by grid-
controlled constant voltage corona charging. In this study chitosan/nHA membranes preparation 
included several stages: synthesis of nanoHA, adding suspension by drops into chitosan solution, 
ratio nHA/chitosan was 60:40, membranes were crosslinked by glutaraldehyde.  

To our knowledge, nor data on investigations on obtaining surface-charged chitosan-HA 
by physical methods (e.g. by corona discharge method), nor dielectric spectroscopy data for 
chitosan-HA composite materials have been published. 

The aim of the present study was to synthesize and characterize chitosan-HA composite 
materials; to evaluate the possibility to obtain surface-charged chitosan-HA with corona 
discharge treatment; to study the materials’ dielectric and electric properties by dielectric 
spectroscopy with analysis of the obtained data, including application of the equivalent circuits 
method and computer simulations.  
 
Materials and methods 
 
Synthesis of chitosan-HA composite materials 

 
Chitosan (deacetylation degree 82%) was purchased from “Bioprogress” CJSC (Moscow, 

Russia). The materials were synthesized by coprecipitation method (Danilchenko, 2011) using 
different concentrations of chitosan solution (6g/l and 10g/l). 1M CaCl2 and 1M NaH2PO4 
solutions were added to the chitosan solution, pH was slowly increased up to 12 using 5% NaOH 
solution. The obtained suspension aged for 24 h, and then was rinsed several times with distilled 
water and dried in a mold during a week to obtain dense samples (Fig. 1). Part of the samples 
was covered with silver nanolayer on one side (30-50nm Ag) in vacuum chamber VUP-5M 
(SELMI, Ukraine). 
 
Characterization of the synthesized materials 
 

X-ray diffraction (XRD) crystallographic investigations were performed using DRON4-
07 diffractometer (“Burevestnik”, Russia). Ni-filtered CuK radiation (wavelength 0.154nm) 
was used with a conventional Bragg-Brentano geometry -2 (where 2 is Bragg’s angle). The 
current and the voltage of the X-ray tube were 20 mA and 30 kV respectively. The samples were 
measured in the continuous registration mode (at a speed of 2 °/min) within the 2-angle range 
from 8° to 60°. All experimental data processing procedures were performed with the program 
package DIFWIN-1 (“Etalon PTC” Ltd.). Phase identification was performed using JCPDS card 
catalog (Joint Committee on Powder Diffraction Standards). XRD patterns are shown on Fig. 2. 
X-Ray phase analysis shows the presence of only phase – hydroxyapatite (JCPDS 9-432) – with 
poor crystallinity. In sample (b) the overall crystallinity is higher compared to sample (a).  

 
Scanning electron microscopy was performed using the electron microscope REMMA102 

(SELMI, Ukraine). The instrument allows visualization of sample surface with the limit 
resolution of ca. 10 nm. In this work the accelerating voltage of the electron probe was set to 20 
kV, the current of the probe was set to 2 nA. To avoid surface charge accumulation in the 
electron-probe experiment, samples were covered with the thin (30-50 nm) layer of silver in the 
vacuum set-up VUP-5M (SELMI, Ukraine). As it is seen in Fig. 3, both 6 g/L and 10 g/L 
composites form dense nonporous material with surface of moderate roughness.  

 
 



The IR spectra were recorded with the Perkin Elmer Spectrum One spectrometer. During 
the experiment, all samples individually were ground to powder together with KBr crystals and 
compressed into tablets. 

 
The bands at 2900, 1665, 1595 and 1543 cm-1 are ascribed to methylene (-СН2), amid I, 

amino (-NН2) and amid II (-NН), correspondingly, in the chitosan (Fig. 5). 
The bands at 1031, 963, 603 and 565 am-1 correspond to the phosphate group РО4 in HA, 

while the band at 3570 cm-1 belongs to hydroxyl group OH in HA. 
The bands at 1453, 1422 and 875 cm-1 are carbonate ions in HA crystals (Yamaguchi I., 

2001). 
The band at 3600 cm-1 is water. 

 
Corona discharge treatment and surface potential measurement 

 
Corona discharge treatment of some of the Chitosan-HA composite samples was carried 

out in the “Physics of dielectrics” laboratory of the Department of Experimental Physics, 
University of Plovdiv, by means of a conventional three-electrode system, consisting of 
grounded plate electrode, corona electrode and a grid placed between them. The three-electrode 
system was installed in a thermoregulated chamber.  

The setup allowed for positive and negative corona treatment for predefined time 
intervals, at various predefined temperatures (25°C-150°C), applying different voltages and 
polarities of the corona electrode (Uc) and the grid (Ug), varying the distance between the corona 
electrode and the grid and the distance between the grid and grounded plate electrode, as well as 
the removal of the grid from the system.  

Samples’ surface potential was measured by the method of the vibrating electrode with 
compensation with estimated error better than ±5% (Reedyk, 1968). 

 
Dielectric spectroscopy 

 
The impedance spectra of samples without Ag covering were measured in the “Physics of 

dielectrics” laboratory of the Department of Experimental Physics, University of Plovdiv, 
utilizing a dielectric spectroscopy system, schematically represented in Fig. 5. 

 
 

Measurement of the impedance characteristics amplitude |Z| and phase φ in the frequency 
range 20 Hz to 1 MHz is done with the QuadTech Inductance Analyzer 1910 device. The studied 
sample (2) is placed between two flat parallel electrodes (1), fixed with PTFE holder and a 
spring. The sample/electrodes system is placed in a thermoisolated chamber (6), allowing for 
linear heating (0.80°C/min) of the sample by means of a heater (4), connected to a power supply 
(5). The temperature is measured and monitored by means of a sensor (3), connected to a digital 
multimeter Agilent 34405A. 

Prior to proceeding with the measurements for obtaining the data presented and analysed 
in this paper we did pilot measurements to check for non-negligible electrode polarization effects 
using Ag-covered samples, gold electrodes, varying the distance between the electrodes and 
using samples of different thickness. We did not find any significant difference in the observed 
spectra, indicating electrode polarization effects, with the different pilot measurements 
described. 

The described dielectric spectroscopy system was used for studying the properties of 
chitosan-HA samples without Ag covering. As the samples were heated their impedance spectra 
were obtained at the following temperatures: room temperature 25°C, physiological temperature 
37°C, 50°C, 75°C and 100°C. The spectra were recorded on a computer, by means of a serial 
digital interface and specially modified for the experiment QBasic program, in data format (f, |Z|, 



φ), where f is the AC frequency in Hz. The real and imaginary parts of the impedance Z’ and Z’’ 
for all frequencies and temperatures were calculated using formulas (1) and (2). 

cos' ZZ   (1) 

sin'' ZZ   (2) 

 
The dielectric permittivity ε for all frequencies and temperatures were calculated using 

formula (3), where ω = 2πf is the angular frequency and C0 is the so-called “empty cell 
capacitance”. C0 is calculated using formula (4), where d is the studied sample’s thickness, S - 
the flat parallel electrode surface and ε0 = 8,854.10-12 F/m is the permittivity of free space. 
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The specific conductivity for all frequencies and temperatures were calculated using 
formula (5).  

SZ

d

.
   (5) 

Further impedance data analysis was done with the software EC-Lab® 10.36 demo 
(http://www.bio-logic.info/), including regression of equivalent circuits’ to experimental data, 
fitting and simulating the model circuits. 
 
Results and discussion 
 
Corona discharge treatment and surface potential measurement 
 

Ag-covered (nanolayer on one side) chitosan-HA samples were corona treated. 4 days 
prior to the corona discharge treatment 4 samples were stored in saturated vapor (RH100%), 4 - 
in dry air (RH0%) and the rest - in room conditions. The samples were placed with the Ag-
covered side on the grounded plate electrode. In the series of corona discharge treatments of 
samples the following parameters were varied: the polarity of the corona electrode and the 
voltage Uc - in the range (1-10) kV, the polarity of the grid and the voltage Ug - in the range (0-
1000) V, as well as situations without grid in place, the time of treatment - (1-10) min, the 
distance between the grounded plate electrode and the corona electrode - in the range (9-11) mm, 
the distance between the corona electrode and the grid - (3,0 / 3,5) mm and the temperature 
(25°C-100°C). 

Before and after the corona treatment the surface potential Us of each sample was 
measured by the method of the vibrating electrode with compensation. No significant |Us|>0 
was measured prior to the corona treatment, i.e. there is no evidence of any intristic to the 
materials surface charge. No significant |Us|>0 was also measured in all samples after treatment, 
i.e. we could not produce chitosan-HA electrets with the applied method of corona discharge 
treatment in any of the combinations of the varied parameters of the coronating system. There 
might be success in producing electret samples at temperatures 200°C-400°C, because of the 
expected polarization of the HA nanocrystals, but such high temperatures are not applicable in 
the case of chitosan-HA composites, because of the chitosan degradation and inevitable 
significant change in the biological properties and behavior of the materials.  

The connection of HA with chitosan may probably decrease conductivity, and interaction 
with chitosan could cause different configuration of OH groups. The temperature may be not 
high enough to polarize HA. 

 



Dielectric spectroscopy results 
 
Nyquist plots Z’’(Z’), Bode plots Z(f)=|Z|(f) and φ(f), the frequency dependence of the 

dielectric permittivity ε(f) and specific conductivity σ(f), as well as the temperature dependence 
of the impedance modulus |Z|(T) at low frequency (20Hz) were measured for chitosan-HA 
samples, prepared with 10g/l chitosan solution and with 6g/l chitosan solution. 
 
 
Data analysis, equivalent circuits and computer simulations. 
 

The dielectric spectroscopy data, obtained for chitosan-HA samples, prepared with 10g/l 
chitosan solution, and for those, prepared with 6g/l chitosan solution, show identical behavior of 
the materials, with no notable differences appearing in the further data interpretation and 
analysis, and, thus, we discuss them together.  

For all samples at all temperatures there we observed decreasing of the impedance modulus 
Z, increasing of the specific conductivity σ and increasing of the dielectric permittivity ε (Fig. 7) 
with the increasing of the frequency f, a typical dielectric behavior. 

We observed specific frequency domain behavior of the phase shift φ (Fig. 6). While φ 
remains negative in the whole studied frequency range, its magnitude initially decreases with the 
frequency, reaching a peak (minimum magnitude), after which its magnitude increases again 
with the frequency. The peak is observed at different frequencies for the different temperatures 
and its position shows specific temperature dependence - with the increasing of the temperature 
T from 25°С to 75°С we observe shifting to higher frequencies and for the temperatures above 
(100°С) - abrupt shift back to the lower frequencies.  

With the increasing of the temperature T from 25°С to 75°С we observed decreasing of Z  
and increasing of the specific conductivity σ  and dielectric permittivity ε (Fig. 7) at all 
frequencies. Above 75°С we observed abrupt change in the materials’ behavior from that trend 
with increasing of Z and decreasing of σ and ε with the temperature, with all the plots for 100°С 
being quite similar to those for 50°С. Graphically represented also is the temperature dependence 
of the impedance modulus Z for the lowest studied frequency (20Hz) (Fig. 8), showing the 
characteristic peak minimum around 75°С. 

The observed abrupt changes in the material’s behavior at higher temperatures we attribute 
to the expected chitosan degradation at around 70°С-80°С. Chitosan degradadion leads to 
irreversible changes in and loss of some of the important biological properties of the material. 
Dielectric spectroscopy could be used as non-destructive method for evaluation of chitosan 
preservation/stability and, respectively, the material’s properties during storage under different 
conditions and after different treatments, e.g. different sterilization methods. 

 The obtained data for the dielectric permittivity ε (Fig. 7) are of particular interest 
considering the materials’ behavior in electrostimulation after implantation and the ε values 
observed at physiological temperature in the frequency ranges applied in such procedures are in 
the order of magnitude of reported measurements of the dielectric permittivity of bone tissues 
(Ckakkalakal, 1980).  

Nyquists plots in all cases show dominant close to linear relationship between the real Z’ 
and imaginary Z’’ parts of the impedance, appearing as diagonals inclined at an angle of 
approximately 45° (slope -0.5). Such behavior is typical for and suggests modeling with 
equivalent circuits containing Warburg element. φ's shifts towards larger values than that of an 
ideal Warburg impedance (Fig. 6) indicate additional capacitive behavior. Following on these 
observations and to further interpret the dielectric spectroscopy results we worked on different 
equivalent circuits, regressing them, fitting them to the experimental data to estimate the circuit 
elements’ parameters and each circuit’s adequacy as a model of the material’s behavior. We 
worked with experimental data obtained at physiological temperature for chitosan-HA 50/50, 
prepared with 10g/l chitosan solution. In this paper we present our results for two such 



equivalent circuits. Model 1 (Fig. 9) is the so-called Randle’s modified circuit, a frequently used 
in similar situations equivalent circuit, and Model 2 (Fig. 10) is a suggested by us equivalent 
circuit that we have found to best model the material’s behavior within the studied frequency 
range. It should be noted that, although the Warburg distributed element is widely used in 
electrochemical impedance spectroscopy for modeling impedance due to diffusion, here its 
appearance in the model circuit is not attributed to any diffusion taking place. Instead, in our 
case, the Warburg element directly represents a mathematically equivalent to it distributed RC 
transmission line. Such “transmission line” behavior can be expected in complex heterogeneous 
materials, composites, materials that have numerous microphases and/or microlayers throughout, 
as well as with porosity.  

It should also be noted that both models are empirical and arbitrary, i.e. circuit components 
are mostly chosen to give the best possible match between the model and the experimental data. 
While physical models, where each of the circuit's components is postulated to represent a 
physical process taking place, (e.g. polarization mechanism) are generally preferable to empirical 
models, a non-arbitrary physical model choice is mostly possible only for not so complex 
materials. To come up with such a non-arbitrary physical model circuit for the studied chitosan-
hydroxyapatite composite is largely impossible. While we can agree that interfacial polarization 
of the phase interface is much larger than the polarization induced by ion conduction and also 
interpret the R and C elements of the Warburg „transmission line“ as implying polarization, 
induced by ion conduction, and interfacial polarization, correspondingly, and the capacitors as 
implying bulk polarization / interfacial polarization, we fall short of fully addressing the relations 
between dielectric data and experimental frequency, i.e. the polarization mechanism. Our 
analysis and conclusions presented in current paper are in no way against proper analysis of 
polarization mechanism, which problem, we believe, should addressed in a dedicated study and 
with different approaches.  

Fig. 9, 10 come from the EC-Lab® 10.36 demo output and each of them presents the 
evaluated equivalent circuit (a), its parameters (b) and Nyquist (c) and Bode (d) plots of the the 
experimental data and the simulated model circuit. Both models show good fit in Z’’(Z’) and 
Z(f), but the fit is much better with Model 2. Model 1 looks inadequate when we look at φ(f), 
while with Model 2 we have very good fit of the simulated Bode plot φ(f) with the experimental 
data, showing that the model is also accounting for trend for the phase angle to increase in the 
lowest and highest frequencies of the studied range (under 20 Hz and above 1 MHz).  

 
 
 
 
 

Conclusion 
 

Chitosan-HA composites prepared by one-step coprecipitation method do not have 
intrinsic electret properties and it is not possible to achieve such with corona treatment, i.e. to 
obtain chitosan-HA corona electrets in the temperature range 25°С-100°С. Successful charging 
might occur with treatment at 200°C-400°C, due to the expected polarization of HA 
nanocrystals, but such high temperatures are unapplicable, because of the inevitable degradation 
of chitosan, leading to loss of important biological properties of the composite material. 
Dielectric spectroscopy results show behavior of the materials quite different from that of both 
chitosan and HA alone. Suggested is a simplified equivalent circuit with a Warburg element 
(representing a distributed RC transmission line) that models materials’ behavior within the 
studied frequency range very well. The obtained dielectric permittivity data are of particular 
interest in predicting the materials’ behavior in electrostimulation after implantation. The ε 
values observed at physiological temperature in frequency ranges applied in such procedures are 
similar to ε data available for bone tissues. The observed abrupt changes in materials’ behavior 



due to chitosan degradation provide basis for the application of dielectric spectroscopy as 
nondestructive method for evaluating chitosan’s stability and preservation in scaffolds (and, thus, 
eventual loss of important biological properties) with storage and after treatments (e.g. 
sterilization).  
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Fig. 1. Chitosan-HA nanocomposite without Ag covering (6g/L and 10g/L chitosan solution) 
 

 
 
Fig. 2. XRD patterns of the synthesized composites, (a) 6 g/L, (b) 10 g/L. 



  
 
Fig. 3. SEM images (x300) of the surface of 6 g/L composite (left) and 10 g/L composite (right). 
 
 

 
Fig. 4. IR spectrum of pure hydroxyapatite (a), 50/50 chitosan-hydroxyapatite composite (b) and 
pure chitosan (c). 



 
Fig. 5. Dielectric spectroscopy setup: 1 - two parallel flat electrodes; 2 - studied sample; 3 - 
temperature sensor; 4 - heater; 5 - power source; 6 - thermoisolated chamber 
 
 
 

 
Fig. 6. Bode plots φ(f) at different temperatures for chitosan-HAp 50/50, prepared with 10g/l 
(left) and 6g/l (right) chitosan solution.  

   
Fig. 7. Frequency dependence of the dielectric permittivity ε(f) at different temperatures for 
chitosan-HAp 50/50, prepared with 10g/l (left) and 6g/l (right) chitosan solution. 
 



 
 
Fig. 8. Temperature dependence of the impedance modulus |Z|(T) at low frequency (20Hz) for 
chitosan-HA 50/50, prepared with 10g/l chitosan solution (left) and 6g/l chitosan solution (right). 
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Fig. 9. Model 1: Randle’s modified circuit: (a) equivalent circuit; (b) circuit parameters;  
(c) Nyquist plots of experimental data and simulated model circuit; (d) Bode plots of 
experimental data and simulated model circuit.  
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Fig. 10. Model 2: (a) equivalent circuit; (b) circuit parameters; (c) Nyquist plots of 
experimental data and simulated model circuit; (d) Bode plots of experimental data and 
simulated model circuit. 



Table 1. Dielectric permittivity, ε observed at different temperatures and different frequencies 
 

 T
em

p
er

at
u

re
 dielectric permittivity ε, observed at different temperatures and different frequencies 

chitosan-HA 50/50, prepared with  
10g/l chitosan solution 

chitosan-HA 50/50, prepared with  
6g/l chitosan solution 

f = 1kHz f = 10kHz f = 100kHz f = 1MHz f = 1kHz f = 10kHz f = 100kHz f = 1MHz 

25° 12,7 4,5 2,3 1,5 14,5 5,1 3,0 2,3
37° 15,8 5,3 2,6 1,6 30,6 9,0 4,0 2,4 
50° 301,8 67,0 7,9 2,2 61,9 13,4 4,6 2,6 
75° 560,5 140,1 18,5 3,3 119,2 24,0 6,1 2,8 
100° 202,5 40,2 7,8 2,8 38,6 7,8 3,9 2,8 

 
 
 
 
 

 


