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Abstract: Chitosan/hydroxyapatite scaffolds could be used

for bone regeneration in case the application of auto- or

allografts is impossible. The objective of the present work

was to characterize and study in vivo biodegradation of

simple chitosan/hydroxyapatite scaffolds. For this purpose, a

series of chitosan/hydroxyapatite composites has been

synthesized in aqueous medium from chitosan solution and

soluble precursor salts by a one step coprecipitation method.

A study of in vivo behavior of the materials was then per-

formed using model linear rats. Cylindrical-shaped rods

made of the chitosan/hydroxyapatite composite material

were implanted into tibial bones of the rats. After 5, 10, 15,

and 24 days of implantation, histological and histo-morpho-

metric analyses of decalcified specimens were performed to

evaluate the stages of biodegradation processes. Calcified

specimens were examined by scanning electron microscopy

with X-ray microanalysis to compare elemental composition

and morphological characteristics of the implant and the

bone during integration. Porous chitosan/hydroxyapatite scaf-

folds have shown osteoconductive properties and have been

replaced in the in vivo experiments by newly formed bone

tissue. VC 2011 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

96A: 639–647, 2011.
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tion, osteogenesis

INTRODUCTION

Composites comprising calcium phosphates and natural
biopolymers are widely used as biomaterials for bone tissue
repair and engineering.1–5 Hydroxyapatite, Ca10(PO4)6(OH)2,
has been used as a principal inorganic component of syn-
thetic materials for orthopaedy and stomatology for a long
time. This mineral can be regarded, with some limitations,
as a crystallochemical analog of the main mineral constitu-
ent of human and animal skeletal tissues.6 A wide range of
biomaterials for different clinical applications can be created
on the basis of two components: nanocrystalline apatite and
chitosan.3–5,7–22 Chitin is the second (after cellulose) most
abundant natural polysaccharide. It forms the skeletal sys-
tem of arthropoda, it is also present in cell walls of fungi
and bacteria. The hardness of chitin skeletal structures of
arthropoda is caused by the formation of natural chitin-
calcium carbonate-protein complexes. Chitosan is a deriva-
tive of chitin, which can be obtained by chitin deacetylation.
Chitin and chitosan are polymorphous uncrystalline or
partly crystalline biopolymers. Both of them contain same
monomers, N-acetyl-2-amino-2-deoxy-D-glucopyranose and
2-amino-2-deoxy-D-glucopyranose, differing in the propor-
tion of acetylated and deacetylated monomers. Chitin and

chitosan are promising materials for medical applications
due to their bacteriostatic/bactericide properties, biocom-
patibility with human tissues, and ability to facilitate regen-
erative processes in wound healing.17,23 In recent years, the
interest in chitosan/hydroxyapatite composite biomaterials
increases significantly, which is expressed in a great number
of scientific articles related to their characterization and
tests. There are several ways to produce such composite
materials. Most of them involve two major stages: first, the
synthesis of an organic polymeric scaffold of pure or chemi-
cally treated and modified chitosan and, second, mineraliza-
tion of the scaffold in simulated body fluid (the biomimetic
way) or in saturated matrix solutions.7–20 The scaffolds
can be made in the form of membranes, microspheres,24 or
multilayered materials. Chitosan in such polymer substrates
for mineralization can be combined with other macromole-
cules, such as silk fibroin or carboxymethylcellulose.11,14

Also chitin can be used as a scaffold.13,22 An inverse
approach has also been described: the pre-formation of a
porous hydroxyapatite scaffold with the consequent impreg-
nation of it by chitosan.8 The composites obtained in such
ways were characterized by different physico-chemical
methods to test their potential as biomaterials, and also a
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series of biocompatibility tests using cell cultures were per-
formed, confirming biocompatibility of these composites.8–14

In addition, some researchers have reported one-step
schemes of chitosan-hydroxyapatite synthesis. Yamaguchi
et al.3 have described a one step approach, in which the
composite was coprecipitated by dropping chitosan solution
containing phosphoric acid into calcium hydroxide suspen-
sion. Rusu et al. have developed a stepwise coprecipitation
approach using it to obtain different types of chitosan/
hydroxyapatite composites with different ratios between
their components.4 These composite materials have also
been thoroughly characterized by physico-chemical techni-
ques and have found to contain nanosized hydroxyapatite
with structural features close to those of biological apatites.
A further development of this approach was proposed by
Chesnutt et al., they have developed microsphere-based
chitosan/nanocrystalline calcium phosphate composite scaf-
folds.25 It seems that a combination of physico-chemical and
structural characterization of biomaterials with their pre-
clinical in vivo investigations is necessary to find out how
the changes in structure and composition of the investigated
biomaterials affect their behavior in living organisms. Since
chitosan/hydroxyapatite materials could be used in bone
regeneration as scaffolds in case the application of auto- or
allografts is impossible for some reasons, investigation of
biodegradation processes in vivo is important for further
progress in this area (as long as an ideal scaffold material is
not yet available). In the present work we have tried to syn-
thesize, characterize and evaluate in vivo behaviour of the
simplest (uniform, made by a one-step technique) chitosan/
hydroxyapatite materials as a first step towards the in vivo
investigation of more complicated scaffold systems.

MATERIALS AND METHODS

Materials preparation and characterization
The examined series consists of materials with different
chitosan/apatite concentration ratios. The low molecular
weight chitosan from Sigma-Aldrich (degree of deacetylation
75–85%; Brookfield viscosity 20–200 cP) was used. The
substances were obtained by adding aqueous solutions of
CaCl2 and NaH2PO4 (keeping Ca/P ratio equal to 1.67) into
0.2% solution of chitosan in 1% acetic acid. The necessary
pH level was maintained by adding NaOH. The details of the
sample preparation are listed in the Table I. Products of the

synthesis were aged, rinsed thoroughly, and then dried.
Water content and chitosan-to-apatite ratio were estimated
by weighing the samples before and after annealing in air at
the temperature of 130�C and 900�C for 45 min.

To obtain porous materials, a lyophilization procedure
was applied to wet (not dried completely) substances by
using the vacuum chamber VUP-5M (SELMI, Ukraine) in
which a glass sample-holder cooled with liquid nitrogen had
been mounted. The frozen samples were dried under 10�3

Pa overnight.
Infrared spectra were measured on the Spectrum One

spectrometer (Perkin Elmer). Before examination the pow-
dered samples were mixed with KBr powder (2.5–3.0 mg of
chitosan/apatite composite and 300 mg of KBr) and pressed
into a solid disk. The Vickers hardness of the non-porous
samples was measured by the standard method using the
special light microscope PMT-3 (LOMO, Russia). The load of
20 grams was applied to each sample.

X-ray diffraction (XRD) crystallographic investigations
were performed using the diffractometer DRON4-07 (‘‘Bure-
vestnik’’, Russia). The Ni-filtered CuKa radiation (wavelength
0.154 nm) was used with a conventional Bragg-Brentano
geometry W-2W (where 2W is the 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 the speed of 2�/min) within the
2W-angle range from 8 to 60� . All experimental data process-
ing procedures were performed with the program package
DIFWIN-1, (‘‘Etalon PTC’’ Ltd.).

Scanning electron microscopy with X-ray microanalysis
was performed using the electron microscope REMMA102
(SELMI, Ukraine). This instrument allows visualization of
sample surface with the limit resolution of ca. 10 nm. Char-
acteristic X-ray emission exited by the electron probe
makes it possible to estimate the elemental composition of
a sample. 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. An energy dispersive X-ray (EDX) detector
was used. The analytical signal of characteristic X-ray
emission was integrated by scanning the 50 � 50 lm2 area
of sample surface.

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).

TABLE I. Chitosan-to-Apatite Ratio of Samples Estimated from Thermogravimetric Measurements

No

Ch/Ap preparation Data of thermogravimetric analysis

Ch/Ap composites,
(specified weight ratio)

Mineral solution
Percentage of components determined

from the weight loss

CaCl2 1M, mL NaH2PO4 1M, mL H2O, wt % Chitosan, wt % Apatite, wt %

1 ChAp 15/85 113.3 68.0 9.0 6 1.2 14.9 6 3.09 76.1 6 3.09
2 ChAp 30/70 46.6 28.0 11.4 6 0.2 25.4 6 0.60 63.2 6 0.60
3 ChAp 50/50 20.0 12.0 3.3 6 1.0 49.3 6 2.2 47.4 6 2.2
4 ChAp 80/20 5.0 3.0 8.9 6 1.0 73.0 6 2.0 18.1 6 2.1

In each case 1000 mL of 0.2 wt % chitosan solution was used for Ch/Ap preparation.
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Animal tests
For the in vivo tests 48 linear laboratory rats at the age of
4 months were used. The Ukrainian National Act of animal
protection against cruel treatment (Act No 3447-IV
21.02.2006) regulating the care and use of laboratory ani-
mals has been observed. At the middle one-third of right
tibia of the animals perforated defects were made with a
stomatological borer, diameter 2 mm, in the sterile operat-
ing room. The width of a tibial diaphysis of adult rats is at
the average from 4.2 to 4.7 mm. When a perforating bone
defect is modeled, it is necessary to preserve integrity of
bone, which causes the intramembranous type of bone
regeneration. A model defect in this case cannot be wider
than 2 mm. The 50/50 chitosan-hydroxyapatite scaffolds
were chosen for in vivo evaluation. In the experimental
group of animals cylindrical ChAp rods were implanted into
traumas, diameter of the rods was equal to the width of the
wound channel. The control group was comprised of the
rats with the analogous tibial defects, which were not filled
with the investigated material. The animals were taken out
of the experiment after 5, 10, 15, and 24 days after implan-
tation. The terms of taking out corresponded to the main
stages of reparative osteogenesis.26 The extracted bones
with the defects were fixed in 10% formalin and then
embedded in paraffin to prepare histological specimens.
Some bones were treated with glutaraldehyde for the elec-
tron microscopy. The histological and histomorphological
analyses of the extracted tissues were performed at the
above mentioned stages of reparative bone regeneration.

Characterization of specimens after the in vivo tests
Elemental composition and morphologic characteristics of
the tissues were studied by scanning electron microscopy
with the X-ray microanalysis. At the same time the blood
samples were taken from the caudal vein for the biochemi-
cal analysis. The levels of calcium in serum, alkaline phos-
phatase and crude protein were examined. The crude pro-
tein in blood plasma was estimated by Lowry method. The
calcium content in blood plasma was examined using the
murexide-glycerin reagent. The alkaline phosphatase activity
was determined by decomposition of phenylphosphate with
the formation of phenol and consequent reaction of the
phenol with 4-aminophenazone.

To prepare histological specimens the places of defects
were extracted, fixed in 10% solution of neutral formalin,
decalcified in EDTA solution during two months, dehydrated
in alcohol solutions with increasing alcohol concentrations,
and finally embedded in paraffin. Histological microscopic
sections 10–12 lm thick were prepared and stained with
azure-eosine and by van Giezon.27 The microscopic sections
were then investigated using an ‘‘Olimpus’’ light microscope
with a digital camera.

Morphometry study has been carried out using the spe-
cialized computer programs ‘‘VideoTest 5.0’’ and ‘‘VideoSize
5.0’’ (St. Petersburg, Russia). Five days after the defects
were made, the cellular composition of regenerated tissue
was investigated, that is, the percentage of certain cell popu-
lations compared with the total amount of cells in the place

of a defect. The number of fibroblasts, macrophages, lym-
phocytes, plasmocytes, neutrophils, and undifferentiated
cells was calculated. Cells in the samples were counted
under 1000� magnification, which allows to determine the
phenotypic peculiarities of different cellular populations.
Poorly differentiated bone marrow cells and undifferenti-
ated connective tissue cellular elements were defined as
undifferentiated cells. The cells had been counted over the
whole section of a model defect. The number of macro-
phages, lymphocytes, fibroblasts, plasmocytes, and undiffer-
entiated cells is given as percentage to the total number of
cells in the defect. In histological specimens of the next
stages of reparative osteogenesis the percentage of granula-
tion, fibroreticular, membrane reticulated, splenial bone
tissues as well as of red bone marrow were determined.

RESULTS AND DISCUSSION

The preparation conditions for series of ChAp composites
and their chitosan-to-apatite ratio estimated by simple ther-
mogravimetric analysis are listed in the Table I. The water
content was estimated from the weight loss after heating the
samples at 130�C. The total mineral (calcium phosphate)
content was measured as a sample weight after complete
burnout of organic moiety at 900�C. Here we assume, that
the weight loss at 130�C corresponds to the water fraction
and the weight loss at 900�C corresponds to the polysaccha-
ride fraction.3 As it is seen, the experimental data are in
reasonable agreement with the declared chitosan-to-apatite
ratio.

From IR spectroscopy studies of ChAp series with differ-
ent proportions between components we can conclude that
the major absorbance bands of IR spectra correspond to
hydroxyapatite, though their width increases significantly and
the bands characteristic to chitosan appear as the chitosan
content increases (Fig. 1). The bands at 1000–1100 cm�1 and
500–600 cm�1 correspond to different modes of PO4 group in
hydroxyapatite.28 Broadening of the band at 1050 cm�1

reflects the presence of polymer and its interaction with
phosphate groups.20 The bands at 1420–1485 cm�1 and at

FIGURE 1. IR spectra of hydroxyapatite and chitosan/hydroxyapatite

scaffolds with different chitosan/hydroxyapatite ratio.
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�875 cm�1 are derived from carbonate ions in apatite.29 The
phosphate stretching vibration bands from hydroxyapatite
were indicated at 1000–1100 cm�1 whereas the phosphate
bending vibration bands situated at 500–600 cm�1. The
strongest characteristic CO3 bands at 1420–1485 cm�1 are
also visible. The bands at 1550–1700 cm�1 can be attributed
to superposition of hydroxyapatite OH group and chitosan
amide I and amide II. The bands at 3600–3700 cm�1 can be
assigned to hydroxyl groups present in the structure of
chitosan,14 the bands at 2800–2950 cm�1 belong most prob-
ably to CAH stretch.30,31

XRD patterns suggest the presence of nanocrystalline
apatite, its crystallinity decreases as content of chitosan
increases (Fig. 2). As it follows from the diffraction peak
broadening, which is inversely proportional to the crystallite
size, the more chitosan is present in the composite, the less
is the average size of apatite crystals. The semiquantative
evaluation of the crystallite size were performed by the anal-
ysis of (002) line profile in the same way as in the work.32

Shortly, at the negligible lattice microstrain, the crystallite
size was determined from the physical broadening of the
(002) line from Scherrer’s formula:33

L ¼ Kk
b � cos#

where b is the line breadth of the pure diffraction profile
resulting from small crystallite size, and K is a constant
approximately equal to unity and related to crystallite
shape. Powdered polycrystalline NaCl was used as reference
material free of size and microstrain broadening. The result
of estimation suggests that for chitosan/apatite ratio equal
to 50/50, the size of apatite crystallites in the composite is
�20 nm, which is comparable with the crystallite size of
bioapatite in bone tissue. The average size of bone apatite is
normally �20 nm, which was proved by different experi-
mental techniques.34,35 Slightly increased intensity of the
(002) and (004) peaks compared with the reference data
suggests that the apatite crystallites are elongated along the

crystallographic axis c (what is also characteristic for bioa-
patite of bone tissue). The XRD analysis in combination
with IR spectroscopy studies clearly indicated the formation
of chitosan/hydroxyapatite composites.

The Vickers hardness of nonporous ChAp composites is
shown in the Table II. These data indicate the decrease of
material strength with the increase of chitosan percentage
and are in reasonable agreement with the value of 0.396
GPa recently reported for the cortical bone.36 The porous
composite materials are much less hard than the solid ones;
their measured hardness values were too much spread to
be conclusive; it was difficult to measure the dent size
because of the complicated profile of sample surface.

Ca/P ratio in the ChAp samples measured by scanning
electron microscopy with EDX microanalysis was close to
that of apatite (1.67). The EDX spectra of the ChAp samples
did not show any pronounced peaks of Na and Cl (Fig. 3),
what suggested that the synthesized apatite did not have
substitutions in the cation (Na ! Ca) and anion (Cl ! OH)
sublattices at the level detectable by the technique. In
lyophilized materials a network of micrometer and submi-
crometer pores has been observed. The porous materials
were produced by lyophilization of the samples immediately
after rinsing and ageing. In the microscopic images of these
materials two systems of pores can be visually distinguished
(Fig. 4). Statistical treatment using the specialized computer
programs ‘‘VideoTest 5.0’’ and ‘‘VideoSize 5.0’’ (St. Peters-
burg, Russia) has shown that the ‘‘small’’ pores have the
average diameter of 30 lm, the ‘‘big’’ ones of 50 lm. Such
pores could promote the bone tissue ingrowth into
implanted material.

FIGURE 2. X-ray diffraction patterns of ChAp samples with different

initial component ratio; the lines marked with Miller indices belong to

hydroxyapatite. At the bottom there is a theoretical pattern of hy-

droxyapatite according to JCPDS.

TABLE II. The Vickers Hardness of the Samples with

Different Chitosan-to-Apatite Ratio

No
Ch/Ap composites,

(specified weight ratio)
Vickers hardness,

GPa

1 ChAp 15/85 0.22
2 ChAp 30/70 0.15
3 ChAp 50/50 0.12
4 ChAp 80/20 0.14

FIGURE 3. EDX spectrum of ChAp 50/50 composite. Ag signal is from

the deposited thin conducting Ag film.
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The content of Ca and P (measured by EDX microanaly-
sis) in bones of the model animals after implantation of
solid ChAp biomaterial with the 50/50 component ratio is
shown in the Fig. 5. In this case it is clearly seen that in the
presence of implanted ChAp, the Ca and P concentrations in
bone tissue near the defect were restored much faster than
in the control group (where the bone defects were not filled
with implants).

The biochemical blood values for the experimental
and control groups of animals are given in the Table III. The
protein and alkaline phosphatase level in the blood of
experimental animals do not differ from that of the control
group. The comparison of the values with the results of
microanalysis of bones with implanted ChAp indicates that

calcium mobilization from the surface of intact tissues
decreases while its content in blood plasma comes to
normal. Low Ca mobilization from neighboring bones can
decrease the bone strength loss accompanying the regenera-
tive processes. As it is proved in numerous works [e.g., 37–
40], the bone strength depends strongly on the mineral
content, that is, Ca and P concentration.

These data suggest that nano-sized apatite crystals
incorporated into chitosan matrix, being implanted in vivo,
participate immediately in reparative biochemical processes
of living bone tissue. Apparently, these are Ca and P from
the apatite crystals of implanted material that are used for
the regenerated bone formation. This decreases mobilization
of these elements from the bone tissue near a defect.

The porous materials have shown osteoconductive prop-
erties in the in vivo tests. In five days after implantation,
pores of ChAp were filled with the cells of leukocyte-macro-
phage and fibroblastic differons, which was the evidence of

FIGURE 4. Microstructure of porous ChAp.

FIGURE 5. The content of Ca and P in bone tissue near the site of

implantation (squares) and at the distance of 15 mm (circles) vs.

implantation time. Non-filled symbols correspond to the control

experiment: the defect without an implant.
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progress in osteoreparative process. Further, the formation
of fibroreticular and membrane reticulated primary bone
tissue trabecules occurred with their subsequent calcifica-
tion and remodeling into lamellar bone tissue. Starting from
the 10th day, the integration of ChAp into newly formed
tissue was observed, and by the 24th day the replacement
of the implant by the young bone took place. The above-
described dynamics is specific only for porous samples of
ChAp. Solid (nonporous) implants did not improve histologi-
cal pattern of the reparative process.

The osteoconductive properties of a ChAp composite
material can be observed after implantation of it into the
bone defect at the first stages of regenerated bone tissue
development. In the Figure 6 there are clearly visible pores
filled with the typical for such regeneration stages cell and
tissue species. Young granulation tissue (GT) dominates in
the regenerate, its content is 25.25 6 5.14%. We did not
however observe the close connection of tissue components
with the material of the implant, which can be explained by
the early stage of observations and high rate of granulation
tissue formation. GT occupies the peripheral segments of
the defect (which is similar to the patterns of the control
animals). The central pores of the implant are filled mostly
with the cells of posttraumatic haematoma. The normal cell
composition plays an important role in new bone formation.
At the initial stage of regeneration the neutrophils secrete
cytokines regulating proliferation, cell differentiation, and
phagocytosis.41 The lymphocytes and plasmocytes are able

to regulate angiogenesis and fibroblast migration. Also they
have stimulating influence on macrophages.42 The macro-
phages in their turn act as regulators of inflammatory
processes, they have chemotactic action on fibroblasts and
provide intercellular cooperation in the focus of trauma.43

Fibroblasts are the cells which actively produce collagen
beginning from the first days after trauma providing the
formation of a soft natural scaffold. So, proliferation and
differentiation of cells at the first stage of the reparative
regeneration is crucial for the formation of the critical mass
of cells, which is important for the formation of tissue struc-
tures in trauma site at the following stages of regenera-
tion.44 In one field of view different cell phenotypes were
observed: young secreting cells, mature macrophages filled
with detritus, dying cells. The cell percentage for the experi-
mental and control groups of animals are given in the Table
IV. In the inner pores the edges of the material were blurred
which could be indicative of the beginning of ChAp osteoin-
tegration and high activity of cells in this site of the defect.
Both in the peripheral and in the central pores vascular
invasion was observed, mostly of the sinusoidal type. The
vessels were surrounded by a layer of perivascular cells and
secreting fibroblasts, which were more numerous in periph-
eral sections.

In 10 days after introduction of the implant its intense
biodegradation takes place with the formation of tissue-spe-
cific structures of regenerate. The intense growth of fibroretic-
ular tissue (FT) with more ordered fiber arrangement can be
observed in the area of the defect, and also formation of bone
trabeculae of membrane reticulated bone begins (Fig. 7). FT is
situated mostly along the periphery of the defect, while its
central areas are filled with remains of granulation tissue with
the great number of fibroblasts, macrophages, and sinusoidal
capillaries. For the first time the formation of membrane
reticulated bone tissue is observed which can be the evidence
of the osteoblastic type of reparative processes. The amount

FIGURE 6. Area of the tibial defect, 5 days after traumatization: 1.

ChAp. 2. Pore with posttraumatic haematoma cells. 3. Granulation tis-

sue. 4. Capillary. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE III. Biochemical Blood Values of the Experimental and Control Groups of Animals

Value

10 days 15 days 24 days

Control Experimental Control Experimental Control Experimental

Protein, g/L 52.94 6 1,78 64.05 6 2.86 51.11 6 2.04 60.35 6 1.88 63.79 6 2.41 61.22 6 2.66
Alkaline

phosphatase,
nmol/sL

3116.91 6 192.58 2401.63 6 145.27 2334.01 6 471.20 2774.02 6 266.52 2343.42 6 207.77 4236.53 6 523.31

Ca, mmol/L 2.84 6 0.33 2.06 6 0.60 2.28 6 0.14 1.48 6 0.24 2.58 6 0.27 2.05 6 0.49

TABLE IV. Cellular Composition of Regenerated Tissue in the

Experimental and Control Groups of Animals, Five Days

After Implantation

Cell type
Experimental

group
Control
group

Macrophages, % 15.6 15.2
Lymphocytes, % 20.4 21.6
Fibroblasts, % 31.2 30.6
Plasmocytes, % 15.2 15.6
Undifferentiated cells, % 17.6 17.0
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of new bone tissue is approximately the same as in the case of
the control animals (34.58 6 9.27%), so the implant cannot
be regarded as osteoconductive. At the same time, the integra-
tion and close interconnection of the forming bone trabeculae
and ChAp can be observed.

The histological pattern of the regenerate on the 15th
day is similar to that of the 10th day (Fig. 8). Both fibrore-
ticular and bone tissues were present; the bone tissue had
formed a denser network of trabeculae than in the previous
observation time. Granulation tissue was completely absent.
The active remodeling of membrane reticulated bone into
splenial bone and its mineralization takes place, which is
indicated by the increase of staining intensity of the bone
trabeculae. The percentage of FT, membrane reticulated
bone and splenial bone is correspondingly 28.43 6 7.97%,
40.21 6 9.65%, and 10.87 6 3.22%, which is in agreement

with the control series of animals. The remains of the
implant are situated mainly in the centre of the defect, con-
nected closely with the forming bone trabeculae and stained
nonuniformly, which suggests their integration into the
newly formed bone matrix.

On the 24th day of observation bone tissue occupies
most of the area of the defect (Fig. 9). The deeper parts of
the regenerate are formed with membrane reticulated bone
tissue with stainability close to that of the ‘‘parent’’ bone.
The number of osteoblasts on the surface of trabeculae
decreases, which indicates that intense bone matrix forma-
tion processes stops, and remodeling processes begin. The
remains of not degraded ChAp are pushed off to the periph-
ery and are on the boundary of the ‘‘parent’’ bone. The tight
bonding of the implant with newly formed bone matrix is
observed; the bonding with the ‘‘parent’’ bone is less tight.
The cortical plate in the place of the defect is formed mostly
by the splenial bone in which intensive remodeling proc-
esses are observed, this is indicated by the presence of both
secondary and primary osteons. The primary ones at this
observation stage are much more numerous. So it is safe
to say that the completion of the primary formation of
neogenic bone and the beginning of remodeling processes.
The implant’s remains are closely integrated into the newly
formed matrix and are subject to biodegradation in the
course of bone remodeling.

CONCLUSIONS

A series of chitosan/hydroxyapatite composite materials has
been synthesized in aqueous medium from chitosan solution
and soluble precursor salts by a one step coprecipitation
method. XRD patterns of the materials suggest the presence
of nanocrystalline apatite with the average crystallite size of
�20 nm. The similar size of crystallites is characteristic for
natural bone bioapatite. The results of IR spectroscopy stud-
ies suggest the presence of carbonate ions in the synthesized
materials. Thus, this relatively simple synthesis procedure

FIGURE 8. Area of the tibial defect, 15 days after traumatization: 1.

ChAp. 2. Fibroreticular tissue. 3. Bone trabeculae. 4. ‘‘Parent’’ bone.

FIGURE 9. Area of the tibial defect, 24 days after traumatization: 1.

ChAp. 2. Fibroreticular tissue. 3. Membrane reticulated bone tissue. 4.

Splenial bone tissue. 5. Osteon. 6. ‘‘Parent’’ bone.
FIGURE 7. Area of the tibial defect, 10 days after traumatization: 1.

ChAp. 2. Granulation tissue. 3. Fibroreticular tissue. 4. Bone

trabeculae.
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allows obtain composite materials with nanocrystalline
carbonate-substituted hydroxyapatite similar to natural bone
bioapatite. There are several works demonstrating the ability
of chitosan-hydroxyapatite scaffolds to support bone cell
attachment and growth using isolated cell cultures. But the
behavior of scaffolds of such type in organisms, their biode-
gradation and replacement by bone tissue in vivo is much less
studied. The objective of the present study was to examine
in vivo behavior of simple chitosan/hydroxyapatite scaffolds
placed into a perforated tibial defect of model laboratory ani-
mals following the main stages of reparative regeneration. In
these experiments porous chitosan/hydroxyapatite materials
have shown good osteoconductive properties. Histomorpho-
logical studies have shown that the porous chitosan/hydroxy-
apatite materials undergo almost complete biodegradation.
The complete replacement of porous chitosan/hydroxyapatite
composite implant by newly formed bone tissue within bone
defects in rats takes place on the 24th day of implantation.
The results of this study suggest the high potential of simple
chitosan/hydroxyapatite composite scaffolds produced by the
one-step co-precipitation method as a filling material for
orthopaedy and stomatology.
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