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• A three-phase model: chitosan matrix,
hydroxyapatite and interfacial layer.

• Hardness, conductivity, dielectric
constant depended on nanoparticle
concentration.
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A B S T R A C T

The aim of this work is to investigate properties of interfacial layer in chitosan-hydroxyapatite nanoparticles (CS-
nHAp) films. Simultaneous mechanical and dielectric percolation phenomena in films are observed for 30–40%
of nHAp loadings. Structure, electrical and mechanical properties of composites and their dependencies on the
hydroxyapatite concentrations are investigated by SEM, thermogravimetry, FTIR spectroscopy, nanoindentation
and dielectric spectroscopy measurements. Hardness, reduced elastic modulus, conductivity and dielectric
constant exhibit a strong dependence on nanoparticle concentration such that maximum values of referred
properties are obtained at 30–40wt % of nHAp. A three-phase model is used to include chitosan matrix, na-
noparticles of hydroxyapatite and interfacial layer with dielectric constant higher than that of chitosan and
hydroxyapatite. This layer between nanoparticles and matrix is due to strong interactions between chitosan's
side groups with PO4

3− of hydroxyapatite. By performing simulations of spectroscopy measurements in the Hz-
GHz frequency range we show that a maximum in all properties is traceable to the existence of overlapping and
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decreasing of thickness of interfacial layer. Our study proposes a systematic approach to design smart materials
for bone tissue engineering.

1. Introduction

Hydroxyapatite ((HAp), Ca10(PO4)6(OH)2) is the main biomaterial
component of bone and it is extensively used in bone tissue engineering.
HAp is manufactured in many forms and can be prepared as a dense
ceramic, powder, or porous ceramic scaffolds [1]. Recently, nano-sized
hydroxyapatite (nHAp) is being extensively used because of its analo-
gous properties to bone which possesses HAp crystals with dimension of
ca. 20–60 nm [2]. Additionally, nHAp exhibits high surface area and a
similar structure to that of biological apatite of bones that helps pro-
mote protein and cell adhesion, proliferation [3], increased bio-
compatibility and mechanical strength [1], simulate of osteoblast ac-
tivity and enhancement of local growth factors when compared with
dense HAp [4]. Therefore, in the literature there exists a large number
of publication on the preparation of nHAp nanocomposites in different
matrices, development of bioactive membranes, ceramics hydrogels and
coatings which use of HAp nanoparticles (see, for example reviews
[5–7]).

In this regard, nHAp may represent a promising class of bone graft
materials however, the fragility and low mechanical strength of nHAp
make it unsuitable to be applied in bone tissue engineering [3]. Con-
sequently, nHAp is often combined with various polymers to improve
its properties.

Many publications (see, for example [3,8–13]) propose to use
chitosan (CS) as a suitable material for tissue engineering due to its
chemical similarity to biological molecules, tissue compatibility, bior-
esorbability, antibacterial activity, haemostatic characteristics and
capability of chemical modifications and interaction with HAp. These
characteristics make chitosan an ideal candidate for tissue engineering;
however, the structure of chitosan-nano-hydroxyapatite (CS-nHAp)
have not been fully addressed despite of the large number of publica-
tions devoted to investigating structure, mechanical properties, cell
viability and proliferation. For example, refs. [13,14] propose forma-
tion of hydrogen bonding between amino and hydroxyl groups of CS
with hydroxyl ions on the surface of nHAp, formation of coordination
bonding between amino group of CS and calcium of nHAp [13], in-
teractions between PO4

3− of nHAp with NH3
+ groups of CS [15]. Ad-

ditionally, a detailed analysis of publications reveals that the best me-
chanical properties (compressive strength, compressive modulus) of
different structures (membranes or scaffold) and preparation methods
were obtained at specific concentrations of CS and HAp (4 g of CS and
0.5M of nHAp solution [16]; 2:8 CS:HAp ratio [17]; 40 wt % of Hap
[18]; 10% of nHAp [15]; 40:60 CS:HAp ratio [19]; 100:15 CS:HAp ratio
[20]). It is noteworthy that any other CS and HAp concentration
combination either higher or lower than those reported, the mechanical
properties are greatly diminished.

In general, maximum values of mechanical properties in a compo-
site are required for the development of bone graft materials. Formation
of an interfacial layer directly affects composite's properties such that
the interaction between CS and nHAp dominates this phenomenon.
However, to the best of our knowledge, there are no reports on the
investigation of the properties of interfacial layer between CS and HAp
nanoparticles.

One of method which allows investigating interfacial layer proper-
ties is dielectric spectroscopy. Limited works on dielectric properties of
CS-nHAp composites report a membrane with 50% loadings of nHAp in
the frequency range 20 Hz-1 MHz [21] and those with different ratios of
nHAp/CS at fixed frequency 2685MHz [12].

Based upon the above discussion, the aim of this work is to in-
vestigate structural of CS-nHAp films and properties of interfacial layer

by dielectric spectroscopy in a wide range of frequencies (40 Hz-3GHz).
Additionally, SEM, TGA, XRD, FTIR analyses will also be addressed.
Detailed information about dielectric properties of such nanocompo-
sites is required to ensure biocompatibility of an implant since its di-
electric constant must be similar to those of human tissue and bone
marrow [12]. Therefore, dielectric spectroscopy plays an important role
in the development of materials for bone tissue engineering.

2. Experimental procedure

2.1. Materials

Chitosan with molecular weight ca. 300 kDa (82% of degree of
deacetylation) and hydroxyapatite nanopowder was purchased from
Sigma-Aldrich. CS solution was obtained by dissolving 1 wt% of CS in a
1 wt% aqueous acetic acid solution with subsequent stirring for 6 h to
promote dissolution. nHAp with different wt. % (0, 10, 20, 30, 40, 50,
60, 70 and 80wt %) was suspended in 4ml of phosphate buffer solution
for avoid agglomeration of nHAp [22,23] with subsequent stirring
during 15min. Than the suspension was added to CS solution and
homogenized with an Ultraturrax homogenizer at 10000 RPM for
15min to disperse the nHAp in the polymer matrix in homogeneous
manner. Finally, films with thickness ca. 30 μm were prepared by the
solvent cast method by pouring the final solution into a Petri dish and
allowing the solvent to evaporate for 24 h at 60 °C. For dielectric mea-
surements, thin gold layers have been sputtering on both side of films
which serve as contact.

2.2. Methods

The dispersion of nHAP in chitosan matrix were observed with
JEOM JSM7401F field emission scanning electron microscope (FESEM)
with an accelerating voltage of 7.5 kV. The amount of free water was
determined by thermogravimetric analysis (TGA) (Thermo Gravimetric
Analyzer (TGA 4000 – PerkinElmer)). Measurements were made in the
nitrogen flow from 25 to 330 °C with a heating rate of 10 °C/min. The
interaction between CS functional groups with nHAp were analyzed by
FTIR measurements on a Perkin Elmer Spectrum GX spectrophotometer
using ATR (MIRacle™) sampling technique, with diamond tip, in the
range from 4000 to 650 cm−1 at room temperature. Crystalline struc-
ture of CS-nHAp films were tested by an X-ray diffractometer (Rigaku
Dmax 2100) with Cu Kα radiation (λ=0.154 nm) at a scanning rate of
4°/min.

2.3. Mechanical test

Mechanical properties were evaluated using a Hysitron Triboscope
Nanoindenter (Ubi 1 Hysitron, Inc.) with Berkovich diamond triangular
nanoindentation tip, which had an angle of 120° and tip radius of ap-
proximately 100–200 nm. The machine compliance and area function
of the tip were calibrated before the indentation measurements. The
experiments were conducted at a fixed maximum depth of 200 nm at
room temperature using a two-segment function load which were
completed over a time of 20 s. At least fifteen indentations were per-
formed each in a 30× 30 μm area.

The fundamental relationships from which hardness (H) and re-
duced elastic module (Er) can be determined [24]:

=H P
Ac (1)
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=Er π
β

S
A2 c (2)

where P is the load, determined from measurements, Ac is the projected
contact area at that load, β is a constant which depends on the geometry
of the nanoindenter tip and S is the contact stiffness (calculated by
software of equipment).

Berkovich indenter reveals that unloading curves can be accurately
described by law relation:= −P B h hf( )m (3)

where h has been obtained from measurements, hf=200 nm, (h-hf) is
the elastic displacement, B and m are material constants (calculated by
software of equipment in the process of measurements).

2.4. Dielectric measurements

Dielectric spectroscopy measurements were carried out in the fre-
quency range from 40Hz to 110MHz using Agilent Precision
Impedance Analyzer 4249A and in the frequency range 1 MHz–3 GHz
using Agilent 4991A. The amplitude of the measuring signal was
100mV. Temperature dependent measurements were performed in a
special cell with temperature controller from 20 °C to 200 °C at a con-
stant heating rate of 5 °C/min. Measurements at each temperature were
left for 3min to ensure thermal equilibrium.

3. Results

The distribution of nHAp in CS matrix was analyzed by field

emission scanning electron microscopy (FESEM) as shown in Fig. 1. The
representative SEM image recorded from CS-nHAp films with 10wt %
of nHAP shows the homogeneous distribution of nanoparticles in CS
matrix with the spherical shape (Fig. 1a). The size of the nHAp varied
between ca. 20–120 nm with average value ca. 50 nm (see histogram on
Fig. 1d). In the films with 30wt % of nHAp observed agglomeration of
nHAp (Fig. 1b) and in films with 50wt % of nHAp all nanoparticles
agglomerated in large clusters (Fig. 1c). This observation plays an im-
portant role in explaining structural properties of the nanocomposites.
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Fig. 1. SEM images of CS-nHAp films with a) 10, b) 30 and c) 50 wt % of nHAp. d) nHAp particle diameter histograms measured in nHAp power.
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Fig. 2. XRD patterns of neat CS, CS-nHAp films with 20, 40, 60, 80 wt % of
nHAp and nHAp powder. (color online).
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Fig. 2 shows XRD patterns of neat CS and CS-nHAp films with dif-
ferent wt. % of nHAp. A broadest peak at 2θ about of 19° is associated
with an amorphous chitosan. On the other hand, the crystalline fraction
(weak peak at 2θ about of 12°) is characterized by hydrated crystalline
phases hydrated Form I [25]. With increasing of nHAp concentration
this peak disappears, that mean that with increasing wt. % of nHAp
decrease water absorption in the films. Diffraction patter of nHAp
power correspondent to hexagonal P63/m(176) phase of hydro-
xyapatite (vertical lines on Fig. 2 exhibits position and intensity of
hexagonal P63/m(176) phase). Calculation of crystallite size according
to the Scherrer formula [13] gave the value of crystallites about of
45 nm, that well correlated with SEM measurements of nanoparticles
dimensions. This mean that the most of nanoparticles consist from one
crystallite. Furthermore, it was obtained that the crystal size of nHAp in
CS films is the same as in powder. Therefore, proposed in this work
method of films preparation (dissolution of nHAp in phosphate buffer
solution) allows to obtain the same nanoparticles dimension in contrast
to another method in which dimension of crystallites in CS-nHAp films
decrease [13,15,16,18]. Such effect has different explanations: acetic
acid can dissolve the nHAp crystals and as result decreased of nHAp
crystals dimension [13]; the presence of bonding between nHAp par-
ticles and polymer matrix [16,18]. Characterized nanocomposites ex-
hibit strong bonding between nHAp particles and CS matrix while size
dimensions of nHAp did not change. It is plausible that decreasing the
crystalline size of nHAp reported in many previous studies can be re-
lated to the preparation method [13,15,16,18].

Water content in CS-nHAp films was determined by thermogravi-
metric analysis (TGA). The amount of free water may be evaluated by
the decrease of sample weight during heating cycles. The loss in weight
at 130 °C is the result of water evaporation. Fig. 3 shows the depen-
dence of moisture content on the nHAp concentration: increasing of
nHAp wt. % leads to the lower moisture content in nanocomposites
films. According to refs. [25–27] water molecules hydrogen-bond with
both –OH and –NH3 groups of chitosan. Therefore, decreasing of water
content with increasing nHAp concentration indicated the strong in-
teraction between the reactive NH3 and OH groups of CS with nHAp.
More details information about interaction between CS and nHAp can
be obtained from FTIR measurements.

FTIR spectra of chitosan and CS-nHAp nanocomposites films with
different wt. % of nHAp are shown in Fig. 4. CS spectra shows char-
acteristic vibrations in the range of 3700–3000 cm−1 which correspond
to the vibration of amine and hydroxyl groups (ca. 3400 cm−1) [25,26].
Additionally, it was observed the characteristic peaks at 1640 cm−1

(amide I group) and 1545 cm−1 (bending vibrations of NH3) [25].
The change of position and the decreasing of the intensity peaks

from 3400 cm−1 to 3276 cm−1 with increasing nHAp wt. % represents
the movement of polar groups of CS; this observation suggests that
hydroxyl ions on the surface of nHAp might interact with the amino and
hydroxyl groups from CS by forming bonds between CS and nHAp [28].
Additionally, the peak shift from 1545 cm−1 to 1556 cm−1 is likely
related to observed high interaction between NH3 groups of CS and
nHAp. This interaction can be observed at nHAp concentration higher
than 30wt % of nHAp nanoparticles.

In FTIR spectra of nHAp the bands at 1000–1100 cm−1 correspond
to modes vibration of the PO4

3− group of hydroxyapatite [28,29].
Broadening of the band at 1050 cm−1 CS-nHAp films with 50 and 70wt
% of nHAp shows the presence of CS interaction with the phosphate
groups [30]. The results obtained suggest stronger interaction between
CS and nHAp at the nHAp content higher than 30wt %; this observation
correlates well with TGA and XRD measurements: water content de-
creases as nHAp concentration increases due to the dominant interac-
tion of NH3 and OH groups of CS with nHAp.

The typical indentation load-depth curves of the thin films CS-nHAp
composites films from which the hardness has been calculated are
shown in Fig. 5. All samples showed typical elastoplastic nature of
deformation. This is expected from of the combination of higher

stiffness and hardness with increase of nHAp over to 30% wt.
The hardness (H) and reduced elastic modulus (Er) are shown in

Fig. 6 exhibit a maximum; H increases from 0.3 GPa to 1.09 GPa and Er
from 6 GPa to 31 GPa in films with 30wt % of nHAp when compared
with neat CS. At the higher nHAp concentration H and Er both decrease.

Hardness (H) in composites with 30 wt % nHAp shows higher values
than those of bovine cortical bone in the longitudinal and transverse
directions: Hlongitudinal = 0.505 GPa, Htransversal = 0.387 GPa [31], and
Hlongitudinal = 0.74 GPa, Htransversal = 0.64 GPa [32].

From Fig. 6 it is clear that H and E have increased for CS-nHAp films
with 30–40wt % of nHAp. At higher concentration of nHAp both H and
E decrease (Fig. 6a and b). It is noteworthy that our nanocomposites do
not follow the expected mixing behavior of most polymer-ceramic
composites (no maximum) [33].

Additional information about structure and properties of CS-nHAp
nanocomposite films can be obtained from dielectric spectroscopy
measurements as shown in Fig. 7. Insert on Fig. 7a shows experimental
impedance spectra of two CS-nHAp nanocomposite films in the fre-
quency range 40 Hz–100MHz. All films exhibit the characteristic de-
pressed semicircles. Values of DC resistance and capacitance of films
have been obtained by the fitting of these semicircles using Cole-Cole
expression and ZView program [27]. Rdc was calculated by the inter-
cept of the semicircle with the Z' axis. DC electrical conductivity (σdc)
and dielectric constant in the limit of zero frequency (εS) can be then
calculated by the following relationships: σdc= d/(Rdc*A) and
εS = C*d/(ε0*A), where d is film thickness, A is the area of the film and
ε0 is dielectric constant of vacuum, respectively.

Fig. 7a and b show dependencies (squares) of the conductivity (σdc)
and dielectric constant (circles) in the limit of zero frequency (εS) as
function of HAp wt. % and the volume fraction. In order to convert
weight fraction (Wt) to volume fraction (V) of the nHAp, the next
equation can be used [34]:

= + −V Wt
Wt ρ ρ Wt( / )(1 )HAp CS (4)

where, ρHAp and ρCS denote the nHAp and CS density.
Density of CS films is ca. 1.5 g cm−3 [35,36], bulk density of nHAp

(sizes ca. 30 nm) is in the range of 1.5–2.7 g cm−3 [37,38]. In this study,
we used a mean value of 2.1 g cm−3.

It is evident from Fig. 7 that all dependencies exhibit a maximum at
concentration of nHAp of ca. 30–40 wt %.

As a rule, effective dielectric constant of mixture of two dielectric
materials (as in the case of CS and nHAp) can be calculated using
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Fig. 3. Dependence of water content CS-nHAp films on nHAp concentration.
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models as the Maxwell, Bruggeman or Lichtenecker [39,40]. However,
all these models produce monotonic increasing of effective dielectric
constant with increasing concentration of nanoparticles in the polymer
matrix [40]; they do not show any maximum as observed on Fig. 7b. It
is noteworthy that reported studies in the literature do not fully address
conductivity properties of CS-nHAp nanocomposites.

To shed light about molecular interactions between CS matrix with

nHAp additional dielectric spectroscopy measurements were carried
out in GHz frequency range. It has been previously reported that in the
frequency range 107-3x109 Hz the dependence of dielectric loss on
frequency exhibits two relaxations processes related to rotation of OH
(centered at ca. 5 108 Hz) and NH3 groups of CS (centered at ca. 1
109 Hz) [22]. These two relaxations processes are also observed in CS-
nHAp films with concentrations of nHAp below 30wt %. At nHAp
concentrations higher than 40wt %, in nanocomposites films, the re-
laxation process related to rotation of NH3 groups vanishes but the
position and amplitude related to the rotation of OH groups practically
do not change (Fig. 8a).

Temperature measurements allowed to obtained activation energy
of rotation of OH groups of CS. Fig. 8b shows the dependencies of re-
laxation time versus reciprocal temperature in films with 50wt% of
nHAp. The relaxation process can be described by Arrhenius-type de-
pendence:

=τ τ E
RT

exp a
0 (5)

where Ea is activation energy.
Upon heating above 50 °C, the activation energy demonstrate the

positive slope due to water evaporation and breaking of H-bonding
between side groups of CS and water molecules [25]. Fig. 8c shows
dependence of activation energy on concentration of nHAp in nano-
composites films. It is plausible that there exists strong interaction be-
tween OH side groups of CS with nHAp.

4. Discussion

All investigated properties of CS-nHAp nanocomposites films such
as hardness (Fig. 6a), reduced elastic modulus (Er) (Fig. 6b), DC con-
ductivity (Fig. 7a) and dielectric constant (Fig. 7b) exhibit a sharp in-
crease in value when nHAp concentration increases from 0wt % to
30–40wt % (at higher concentration parameters decrease). Such sharp
increase on properties values are related to the formation of connected
or percolated microstructures in nanocomposites. The most studied
phenomenon is electrical conductivity percolations (see, for example
[41,42]); associated theoretical models provides an explanation of the
composite's electrical conductivity at the critical concentration (or
percolation threshold) of conductive phase in dielectric matrix. Re-
cently, other models have been proposed to describe mechanical
[43–45] and dielectric percolation phenomena [46,47].

It is noteworthy that classical percolation models of a matrix with
inclusions cannot not describe many experimental results observed in a
percolated nanostructure. To circumvent this issue, modern models
consider an additional phase, namely interfacial layer to better char-
acterize the effective properties of nanocomposites. Such three-phase
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models have been proposed for electrical conductivity [41,48], me-
chanical [43–45] and dielectric [46,47,49] percolation phenomena.

Based upon the above observations, we now attempt to adapt the
three-phase model to our study of CS-nHAp films. First, we recognize
that property-nHAp concentration dependencies of hardness and re-
duced elastic modulus (Er) strongly suggest mechanical percolation
properties, i.e. by increasing nHAp concentration there exists a sharp
increase in mechanical properties likely due to the existence of an in-
terfacial layer between nHAp and CS matrix [43,44]. As the con-
centration of nHAp increases, the interfacial regions surrounding the
nanoparticles overlap indicating percolation in the high-density clusters
which dominates the mechanical properties [44]. It is noteworthy that
mechanical percolation models proposed in Refs. [43–45] predict sa-
turation of mechanical properties above the percolation threshold.
Conversely, we have observed a sharp decrease in mechanical proper-
ties above percolation (see Fig. 6). Similar effects of decreasing me-
chanical properties have been previously observed in CS-clay and CS-
multiwall carbon nanotubes nanocomposites [50]. The theoretical
models fail to predict experimental results above the percolation
threshold likely due to the assumption that a constant thickness of the
interfacial layer is maintained; it is possible that significant agglom-
eration above percolation causes cluster overlap which ultimately re-
duces the interfacial layer thickness and subsequent phase segregation.
This assumption is based upon the consideration that the interfacial
layer thickness changes above percolation that affects dielectric prop-
erties of the nanocomposites.

The dependence of dielectric constant on nHAp concentration
shown in Fig. 7b is analogous to the behaviour observed in Fig. 6; a
maximum also occurs at concentration of nHAp ca. 30–40 wt %. As
previously discussed, all two-phase model (polymer matrix-dielectric
inclusions) predict a monotonic increasing of effective dielectric con-
stant with increasing concentration of nanoparticles [39,40]. In con-
trast to those models, refs. [46,47] proposed a new model to describe
dielectric properties of polymer-ceramic composites. Here, the effective
dielectric constant of polymer-particle composite materials depends
upon particle concentration, interfacial layer and the interaction be-
tween polymer-filler at the interfacial region.

Ref. [46] proposed that the dielectric percolation effect can be de-
scribed when the volume fraction of dielectric filler reaches the per-
colation threshold. Above this point, interfacial layers overlap, thus

reducing the interfacial volume fraction that effectively changes prop-
erties of interfacial layer. To describe such three-phase system, refs.
[46,47,49] introduce a parameter K, termed the interfacial volume
constant, which accounted for the matrix-filler interaction strength as:=ϕ Kϕ ϕNPs polint (6)

where Φint, ΦNPs, and Φpol are the volume fractions of interfacial phase,
dielectric particles, and polymer, respectively. K depends upon the
degree of particle clustering.

The sum of all volume fraction of polymer, dielectric particles and
interfacial phase must equal 1, as show [49]:= + +ϕ ϕ ϕ1 pol NPs int (7)

Increasing the volume fraction of nanoparticles (NPs) to reaches the
percolation threshold, interfacial phase overlap reduces Φint (i.e. ob-
served NPs agglomerations) [46]. This effect is responsible for non-
monotonic dependence of effective dielectric constant. A value of zero
for K indicates that there is no interracial phase region between the NPs
and polymer matrix. Positive values for K are related to a strong in-
teraction between the polymer and NPs; if K increases, there is an ef-
fective increase of the nanocomposite's dielectric constant [46,47,49].

This model has demonstrated that the dependence of the dielectric
constant on particle concentration is nonmonotonic and can exhibit an
extreme as function of NPs concentration. This behaviour is accom-
plished if the following relationships are met:

K > 0, εinterfacial > εpolymer, εinterfacial > εfiller (8)

where εpolymer is the dielectric constant of polymer matrix, εinterfacial is
the dielectric constant of interfacial phase, and εfiller is the dielectric
constant of fillers.

In this work, we fit experimentally obtained values of CS-nHAp ef-
fective dielectric constant εs by equations proposed in Refs. [46,47,49]
using Scilab program. The least squares fitting was performed using
standard genetic algorithm optimization functions in the Scilab [51]
numerical computational package. Dielectric constant of CS (εpolymer)
and nHAp (εfiller) have been obtained from measurements on neat CS
films and dry nHAp pellet. Only the values of K and εinterfacial para-
meters are the adjustable parameters. The lower and the upper bounds
for the variable parameters were chosen as 0 < K < 100 and
0< εinterfacial < 500. As a result of optimization, the fitted values are
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K=5.65 and εint = 318.
Results of the referred fittings are shown on Fig. 7b as continuous

line. One can see observe that this three-phase model fit well the ex-
perimental results by predicting a maximum in the dielectric constant.
Positive values of K mean that significant interfacial nHAp-CS interac-
tions are present as probed by FTIR measurements (Fig. 4). It is note-
worthy that an interfacial layer dielectric constant value of 318 is
considerably higher than that of CS and nHAp such that the relationship
(8) above is met. From physical viewpoint, this extreme can be related
to the agglomeration of nHAp in the clusters thus changing the thick-
ness of interfacial layer and the interaction between nHAp with CS
matrix (K values increase).

The change in thickness or volume fraction of interfacial layer can
be directly obtained from equations (6) and (7) and value of K obtained
from the fitting. Inset on Fig. 7b shows calculated dependencies of the
interfacial volume fraction as a function of nHAp volume fraction. This
graph clearly shows that at nHAp concentration higher than 30–40wt
% (where dielectric percolation threshold is observed), the interfacial
volume fraction decreases due to cluster overlap. Obtained results
correlated well with SEM imaging shown on Fig. 1, i.e. films with nHAp
concentration higher than 30–40wt % exhibit significant agglomera-
tion nHAp clusters.

It is noteworthy that in CS-nHAp films high values of dielectric

constant have been obtained when compared with nanocomposites of
ferroelectric tetragonal BaTiO3 nanoparticles. For instance, in Ref. [52]
it has been reported that in hydroxyapatite–barium titanate composite
with 35 vol % of BaTiO3 at 10 kHz, the dielectric constant is 26 (in CS-
nHAp with 30 vol % of nHAp ε=67.1 at 10 kHz). In BaTiO3-cellulose
nanocomposite with 30 wt% of BaTiO3 ε=9 at 100 Hz [53] (in CS-
nHAp with 30wt % of nHAp ε=99 at 100 Hz). In BaTiO3-ethyl cellu-
lose in nanocomposite with 12 vol % of BaTiO3 ε is ca. 12 at 1 Hz [54]
(in CS-nHAp with 10 vol % of nHAp εS= 59.4). (Note that both cellu-
lose and chitosan possess glycosidic rings and OH side groups; however,
chitosan possesses an additional primary amine group).

Reported high values of dielectric constant obtained in CS-nHAp
composites are related to the high interfacial dielectric constant value
due to strong interaction between CS an nHAp. The presence of primary
amine group in CS may be responsible for the superior performance of
CS-nHAp when compare to those of cellulose.

Due to model limitation in which K values do not chance with nHAp
concentration, it is not possible to deduct any significant changes about
the interaction between CS and nHAp above dielectric percolation.
However, the experimental evidence suggests otherwise. Above di-
electric percolation threshold (ca. 30–40wt % of nHAp) the change of
interactions between nHAp and CS matrix (or K value) can be deduced
from high frequency dielectric spectroscopy measurements shown on
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Fig. 8. In this regard, at nHAp concentrations higher than 40wt %, the
relaxation process related to rotation of NH3

+ vanishes while OH ro-
tations are maintained. Furthermore, rotation activation energy of OH
groups increases about three times (see Fig. 8c).

The disappearance of NH3
+ rotation is likely due to electronic/

hydrogen-bonding interactions between PO4
3− of nHAp with NH3

+

groups of CS [15]. It is noteworthy that this strong interaction among
both groups is observed when dielectric spectroscopy is performed in
the GHz frequency range. Our proposed mechanism of interactions is
supported by FTIR measurements; for instance, the band at 1545 cm−1

(vibration of NH3
+ groups of CS) shifts to 1556 cm−1; the band at

1050 cm−1 broadens as it is assigned to the vibration of PO4
3− groups

in nHAp [28,55].
We now address in more detail the activation energy associated

with the rotation of OH groups of CS. According to ref. [56], the energy
of OH hydrogen bonding (EH) of CS can be estimated from absorbance
FTIR measurements according to:

= −E
k

γ γ
γ

kj mol1 [ / ]H
0

0 (9)

where γ0 is standard frequency corresponding to the vibration of free
OH groups (3650 cm−1), γ is frequency corresponding to the vibration
of bound OH groups in CS, and k is constant equal to 6.7 10−2.

By using equation (9) together with the frequency OH groups vi-
bration in neat CS of 3400 cm−1 (Fig. 4), the energy of hydrogen
bonding of OH group can be estimated as ca. 0.9 kJ/mol. This value
correlates well with the mean energy values of intramolecular hydrogen
bonds between OH groups in a monosaccharide (ca. 1 kJ/mol) [57].

In the case of CS-nHAp nanocomposites with 50 wt % of nHAp using
the same equation (9) and frequency of vibration of OH groups equal
3276 cm−1 (Fig. 4) the energy of hydrogen bonds of OH group is equal
ca. 1.65 kJ/mol.

These activation energy estimations quantitatively show that above
dielectric percolation threshold (30–40wt % nHAp) there is a H-
bonding energy change associated with of OH groups; this change is
due to the CS-OH—nHAp interaction (not CS-NH3

+—nHAp).
Consequently, these results help corroborate the presence of strong
interaction between OH groups of CS with OH groups of nHAp as
previously proposed [12]. Furthermore, such interaction may re-
sponsible for increasing of activation energy of rotation of OH group of
CS, as experimentally observed and K value increase in equation (6).
Based upon these arguments, the validity of the three-phase model in
CS-nHAp nanocomposites can be demonstrated. It is also plausible that
the maximum observed in the mechanical properties can be related to
the change the thickness and the properties of interfacial layer above
percolation.

A more complex situation arises when explaining the dependence of
the nanocomposite's conductivity with nHAp concentration (see
Fig. 7a). In this regard, CS and nHAp are both dielectric materials such
that there are no conductivity percolation models to describe the ef-
fective conductivity of structures.

It is noteworthy that neat CS exhibits proton conductivity that is
related to Grotthuss “structural diffusion” mechanism [58]. In the
Grotthuss mechanism, protons originating from the protonated amino
groups can move along the hydrated molecule via hydrogen-bonding
network hopping process through the breaking/formation of hydrogen
bonds, which are followed by a local molecular rearrangement. HAp
also exhibits proton conductivity due to migration of H+ proton
through adsorbed water [59,60] or due to proton conduction between
neighbouring OH− ions [60]. However, the last mechanism is only
observed at high temperature [60].

Finally, TGA measurements (Fig. 3) show that when nHAp con-
centration increases the water content in films decreases. This must
leads to decreasing DC room conductivity with increasing of nHAp
concentration. But experimental data in Fig. 7a show similar de-
pendencies of hardness and dielectric constant as that of conductivity

where a maximum in values is observed when nHAp concentration
increases. Consequently, it is possible to propose that conductivity,
mechanical and dielectric properties of CS-nHAp films directly depend
upon the properties of interfacial layer.

5. Conclusions

Investigation of CS-nHAp films shows that a maximum value is
observed in mechanical, dielectric and conductivity properties when
going from low to high nHAp concentrations. This maximum can be
related to cluster agglomeration of nHAp above percolation threshold
(ca. 30–40 wt % of nHAp). Mechanical, dielectric and conductivity
properties of CS-nHAp nanocomposites films have been interpreted
using a three-phase model which includes: 1) CS matrix, 2) nHAp
particles, and 3) interfacial layer between nHAp and CS matrix. Results
of fitting using the three-phase model demonstrated good correlation
with experimental results. According to high frequency dielectric
spectroscopy measurements, at nHAp concentrations higher than that
of dielectric percolation threshold, profound changes in the interaction
between CS matrix and nHAp are observed; this leads to drastic changes
of the electrical and mechanical properties of the nanocomposite.

Additionally, we have correlated both dielectric and mechanical
percolation threshold by performing relatively simple dielectric mea-
surements. In this regard, it is possible to fine-tune the mechanical,
electrical and dielectrical properties of CS-nHAp films that are required
in bone tissue engineering.

Acknowledgment

This work was partially supported by project CNR (Italy)-Cinvestav
(Mexico). Thea authors are grateful to R. Martinez Gonzalez for tech-
nical assistance in electrical measurements, J. E. Urbina Alvarez for
assistance in SEM measurements, R. A. Mauricio-Sánchez for assistance
in FTIR measurements, M. A. Hernandez Landaverde for assistance in
XRD measurements.

References

[1] N. Kantharia, S. Naik, S. Apte, M. Kheur, S. Kheur, B. Kale, Nano hydroxyapatite
and its contemporary applications, J. Dent. Res. Sci. Dev. 1 (2014) 15–19.

[2] M. Shakir, R. Jolly, M.S. Khan, N.E. Iram, H.M. Khan, Nano-hydroxyapatite/chit-
osan–starch nanocomposite as a novel bone construct: synthesis and in vitro studies,
Int. J. Biol. Macromol. 80 (2015) 282–292.

[3] A.K. Teotia, D.B. Raina, C. Singh, N. Sinha, H. Isaksson, Nano-hydroxyapatite bone
substitute functionalized with bone active molecules for enhanced cranial bone
regeneration, ACS Appl. Mater. Interfaces 9 (2017) 6816–6828.

[4] M. Bayani, S. Torabi, A. Shahnaz, M. Pourali, Main properties of nanocrystalline
hydroxyapatite as a bone graft material in treatment of periodontal defects. A re-
view of literature, Biotechnol. Biotechnol. Equip. 31 (2017) 215–220.

[5] P. Turon, L.J. del Valle, C. Alemán, J.i Puiggalí, Biodegradable and biocompatible
systems based on hydroxyapatite nanoparticles, Appl. Sci. 60 (2017) 1–27.

[6] H. Zhou, J. Lee, Nanoscale hydroxyapatite particles for bone tissue engineering,
Acta Biomater. 7 (2011) 2769–2781.

[7] S.M. Zakaria, S.H. S Zein, M. Roslee Othman, F. Yang, J.A. Jansen, Nanophase
hydroxyapatite as a biomaterial in advanced hard tissue engineering: a review,
Tissue Eng. Part B 19 (2013) 431–441.

[8] X. Pang, I. ZhitomirskyL, Electrodeposition of composite hydroxyapatite–chitosan
films, Mater. Chem. Phys. 94 (2005) 245–251.

[9] J. Venkatesan, S.K. Kim, Chitosan composites for bone tissue engineering—an
overview, Mar. Drugs 8 (2010) 2252–2266.

[10] L. Pighinelli, M. Kucharska, Chitosan–hydroxyapatite composites, Carbohydr.
Polym. 93 (2013) 256–262.

[11] T. Sun, T.H. Khan, N. Sultana, Fabrication and in vitro evaluation of nanosized
hydroxyapatite/chitosan-based tissue engineering scaffolds, J. Nanomater. 14
(2014) 194680.

[12] R. Augustine, U.G. Kalappura, K.T. Mathew, Biocompatibility study of hydro-
xyapatite-chitosan composite for medical applications at microwave frequencies,
Microw. Opt. Technol. Lett. 50 (2008) 2931–2934.

[13] C. Xianmiao, L. Yubao, Z. Yi, Z. Li, L. Jidong, W. Huanan, Properties and in vitro
biological evaluation of nano-hydroxyapatite/chitosan. membranes for bone guided
regeneration, Mater. Sci. Eng. C 29 (2009) 29–35.

[14] H. Jiang, Y. Zuo, Q. Zou, H. Wang, J. Du, Y. Li, X. Yang, Biomimetic spiral-cy-
lindrical scaffold based on hybrid chitosan/cellulose/nano-hydroxyapatite mem-
brane for bone regeneration, ACS Appl. Mater. Interfaces 5 (2013) 12036–12044.

A. Gomez Sanchez et al.



[15] X.Y. Li, K.H. Nan, S. Shi, H. Chen, Preparation and characterization of nano-hy-
droxyapatite/chitosan cross-linking composite membrane intended for tissue en-
gineering, Int. J. Biol. Macromol. 50 (2012) 43–49.

[16] M.R. Nikpour, S.M. Rabiee, M. Jahanshahi, Synthesis and characterization of hy-
droxyapatite/chitosan nanocomposite materials for medical engineering applica-
tions, Composites Part B 43 (2012) 1881–1886.

[17] H. Zhao, H. Jin, J. Cai, Preparation and characterization of nano-hydroxyapatite/
chitosan composite with enhanced compressive strength by urease-catalyzed
method, Mater. Lett. 116 (2014) 293–295.

[18] N. Pramanik, D. Mishra, I. Banerjee, T.K. Maiti, P. Bhargava, P. Pramanik, Chemical
synthesis, characterization, and biocompatibility study of hydroxyapatite/chitosan
phosphate nanocomposite for bone tissue engineering applications, Int. J. Biomater.
2009 (2009) 5124171–8.

[19] X. Cai, L. Chen, T. Jiang, X. Shen, J. Hu H. Tong, Facile synthesis of anisotropic
porous chitosan/hydroxyapatite scaffolds for bone tissue engineering, J. Mater.
Chem. 21 (2011) 12015–12025.

[20] I. Petrov, O. Kalinkevich, M. Pogorielov, A. Kalinkevich, A. Stanislavov, A. Sklyar,
S. Danilchenko, T. Yovcheva, Dielectric and electric properties of new chitosan-
hydroxyapatite materials for biomedical application: dielectric spectroscopy and
corona treatment, Carbohydr. Polym. 151 (2016) 770–778.

[21] C. Lia, C. Veparia, H.J. Jina, H.J. Kima, D.L. Kaplan, Electrospun silk-BMP-2 scaf-
folds for bone tissue engineering, Biomaterials 27 (2006) 3115–3124.

[22] J. Zhang, J. Nie, Q. Zhang, Y. Li, Z. Wang, Q. Hu, Preparation and characterization
of bionic bone structure chitosan/hydroxyapatite scaffold for bone tissue en-
gineering, J. Biomater. Sci. Polym. Ed. 25 (2014) 61–74.

[23] L.E. Bertassoni, P.G. Coelho, Engineering Mineralized and Load Bearing Tissues,
Springer International Publishing, Switzerland, 2015.

[24] W.C. Oliver, G.M. Pharr, An improved technique for determining hardness and
elastic-modulus using load and displacement sensing indentation experiments, J.
Mater. Res. 7 (1992) 1564–1583.

[25] S. Kumar-Krishnan, E. Prokhorov, M. Ramırez, M.A. Hernandez-Landaverde,
D.G. Zarate-Triviño, Yu Kovalenko, I.C. Sanchez, J. Mendez-Nonell, G. Luna-
Barcenas, Novel gigahertz frequency dielectric relaxations in chitosan films, Soft
Matter 10 (2014) 8673–8684.

[26] A. Nogales, T.A. Ezquerra, D.R. Rueda, F. Martinez, J. Retuert, Influence of water on
the dielectric behaviour of chitosan films, Colloid Polym. Sci. 275 (1997) 419–442.

[27] B.J. Gonzalez-Campos, E. Prokhorov, G. Luna-Barcenas, A. Fonseca-Garcıa,
I.C. Sanchez, Dielectric relaxations of chitosan: the effect of water on the -relaxation
and the glass transition temperature, J. Polym. Sci., Part B: Polym. Phys. 47 (2009)
2259–2271.

[28] S.N. Danilchenko, O.V. Kalinkevich, M.V. Pogorelov, A.N. Kalinkevich, A.M. Sklyar,
T.G. Kalinichenko, V.Y. Ilyashenko, V.V. Starikov, V.I. Bumeyster, V.Z. Sikora,
L.F. Sukhodub, A.G. Mamalis, S.N. Lavrynenko, J.J. Ramsden,
Chitosan–hydroxyapatite composite biomaterials made by a one-step co-precipita-
tion method: preparation, characterization and in vivo tests, J. Biol. Phys. Chem. 9
(2009) 119–126.

[29] F. Bakan, O. Laçin, H. Sarac, A novel low temperature sol–gel synthesis process for
thermally stable nano crystalline hydroxyapatite, Powder Technol. 233 (2013)
295–302.

[30] C.E. Tanase, M.I. Popa, L. Verestiuc, Chitosan-hydroxyapatite composite obtained
by biomimetic method as new bone substitute, Adv. Tech. Enh. Quality Life 9
(2009) 42–46.

[31] M.L. Lau, K.T. La, Y.D.Y. Yeo, Measurement of bovine bone properties through
surface indentation technique, Mater. Manuf. Process. 25 (2010) 324–328.

[32] D. Carnelli, R. Lucchini, M. Ponzoni, R. Contro, P. Vena, Nanoindentation testing
and finite element simulations of cortical bone allowing for anisotropic elastic and
inelastic mechanical response, J. Biomech. 44 (2011) 1852–1858.

[33] X. Chen, K.E. Gonsalves, G.M. Chow, T.D. Xiao, Homogeneous dispersion of na-
nostructured aluminum nitride in a polyimide matrix, Adv. Mater. 6 (1994)
481–484.

[34] A.Z. Zakaria, K. Shelesh-Nezhad, The effects of interphase and interface char-
acteristics on the tensile behaviour of POM/CaCO3 nanocomposites, Nanomater.
Nanotechnol. 17 (2004) (2014) 1–10.

[35] J. Nunthanid, M. Laungtana-anan, P. Sriamornsak, S. Limmatvapirat,
S. Puttipipatkhachorn, L.Y. Lim, E. Khor, Characterization of chitosan acetate as a
binder for sustained release tablets, J. Contr. Release 99 (2004) 15–26.

[36] E.A. Mezina, I.M. Lipatova, N.V. Losev, Effect of mechanical activation on

rheological and film-forming properties of suspensions of barium sulfate in chitosan
solutions, Russ. J. Bioorg. Chem. 84 (2011) 486–490.

[37] G.E.J. Poinern, R.K. Brundavanam, X.T. Le, D. Fawcett, The mechanical properties
of a porous ceramic derived from a 30 nm sized particle based powder of hydro-
xyapatite for potential hard tissue engineering applications, Am. J. Biomed. Eng. 2
(2012) 278–286.

[38] N. Monmaturapoj, Nano-size hydroxyapatite powders preparation by wet-chemical
precipitation route, J. Metals Mater. Miner. 18 (2008) 15–20.

[39] P. Barber, S. Balasubramanian, Y. Anguchamy, S. Gong, A. Wibowo, H. Gao,
H.J. Ploehn, H.C. zur Loye, Polymer composite and nanocomposite dielectric ma-
terials for pulse power energy storage, Materials 2 (2009) 1697–1733.

[40] X. Zeng, S. Yu, R. Sun, R. Du, Microstructure, thermal and dielectric properties of
homogeneous bismaleimide-triazine/barium titanate nanocomposite films, Mater.
Chem. Phys. 131 (2011) 387–392.

[41] W.Z. Cai, S.T. Tu, J.M. Gong, A physically based percolation model of the effective
electrical conductivity of particle filled composites, J. Compos. Mater. 40 (2006)
2131–2142.

[42] R. Taherian, Development of an equation to model electrical conductivity of
polymer-based carbon nanocomposites, ECS J. Solid State Sci. Technol. 3 (2014)
26–38.

[43] B.S. Fralick, E.P. Gatzke, S.C. Baxter, Three-dimensional evolution of mechanical
percolation in nanocomposites with random microstructures, Probabilist. Eng.
Mech. 30 (2012) 1–8.

[44] V. Padmanabhan, Percolation of high-density polymer regions in nanocomposites:
the underlying property for mechanical reinforcement, J. Chem. Phys. 139 (2013)
144.

[45] S.C. Baxter, B.J. Burrows, B.S. Fralick, Mechanical percolation in nanocomposites:
microstructure and micromechanics, Probabilist. Eng. Mech. 44 (2016) 35–42.

[46] M.G. Todd, F.G. Shi, Characterizing the interphase dielectric constant of polymer
composite materials: effect of chemical coupling agents, J. Appl. Phys. 94 (2003)
4551.

[47] H.T. Vo, F.G. Shi, Towards model-based engineering of optoelectronic package
materials: dielectric constant modeling, Microelectron. J. 33 (2002) 409–415.

[48] W.Z. Cai, S.T. Tu, The interface effect on the effective electrical conductivity of
particle filled composites, Int. J. Nonlinear Sci. Numer. Stimul. 6 (2005) 409–416.

[49] H.T. Vo, M. Todd, F.G. Shi, A.A. Shapiro, M. Edwards, Towards model-based en-
gineering of underfill materials: CTE modeling, Microelectron. J. 32 (2001)
331–338.

[50] C. Tang, L. Xiang, J. Su, K. Wang, C. Yang, Q. Zhang, Q. Fu, Largely. Improved
tensile properties of chitosan film via unique synergistic reinforcing effect of carbon
nanotube and clay, J. Phys. Chem. B 112 (2008) 3876–3881.

[51] S.L.V. Campbell, J.P. Chancelier, R. Nikoukhah, Modeling and Simulation in Scilab/
Scicos, Springer Science and Business Media, New York, 2006.

[52] A.K. Dubey, K.I. Kakimoto, Impedance spectroscopy and mechanical response of
porous nanophase hydroxyapatite–barium titanate composite, Mater. Sci. Eng. C 63
(2016) 211–221.

[53] A. Zyane, A. Belfkira, F. Brouillette, R. Lucas, P. Marchet, Microcrystalline cellulose
as a green way for substituting BaTiO3 in dielectric composites and improving their
dielectric properties, Cellul. Chem. Technol. 49 (2015) 783–787.

[54] F.A. Ashraf, L.H. Mohammad, A.W. Azza, M.E.G. Emad, Processing, dynamic me-
chanical thermal analysis, and dielectric properties of barium titanate/cellulosic
polymer nanocomposites, Polym. Compos. 38 (2017) 893–907.

[55] M. Nagai, T. Nishino, Surface conduction of porous hydroxyapatite ceramics at
elevated-temperatures, Solid State Ionics 28 (1988) 1456–1461.

[56] H. Struszczyk, Microcrystalline chitosan. I. Preparation and properties of micro-
crystalline chitosan, J. Appl. Polym. Sci. 33 (1987) 177–189.

[57] R.G. Zhbankov, Hydrogen bonds and structure of carbohydrates, J. Mol. Struct. 270
(1992) 523–539.

[58] E. Prokhorov, G. Luna-Bárcenas, J.B. González-Campos, Yu Kovalenko, Z.Y. García-
Carvajal, J. Mota-Morales, Proton conductivity and relaxation properties of chit-
osan-acetate films, Electrochim. Acta 215 (2016) 600–608.

[59] J.P. Gittings, C.R. Bowen, A.C.E. Dent, I.G. Turner, F.R. Baxter, J.B. Chaudhuri,
Electrical characterization of hydroxyapatite-based bioceramics, Acta Biomater. 5
(2009) 743–754.

[60] A. Laghzizil, N. El Herch, A. Bouhaouss, G. Lorente, J. Macquete, Comparison of
electrical properties between fluoroapatite and hydroxyapatite materials, J. Solid
State Chem. 156 (2001) 57–60.

A. Gomez Sanchez et al.


