
LONG-TERM IN VIVO PERFORMANCE OF COMPOSITE 
CHITOSAN/CELLULOSE SCAFFOLDS WITH DIFFERENT  

NANO-HYDROXYAPATITE RATIOS FOR BONE ENGINEERING

ABSTRACT
Objective: The current study aims to compare the long term in vivo performance of composite 

chitosan/cellulose/nano-hydroxyapatite scaffolds containing different nano-hydroxyapatite 
concentrations. Materials and methods: The nano-hydroxyapatite (nHA) powder was prepared 
using the co-precipitation method. The powder was characterized using photo correlation 
spectroscopy (PCS) and scanning electron microscopic examination (SEM). Four scaffold groups 
were prepared; group A (control) containing only chitosan and hydroxyethyl cellulose (HEC) 
while groups B, C and D were composite chitosan/HEC/nHA scaffolds with nHA/chitosan ratios 
of 20, 40 and 60 wt% respectively. The scaffolds’ microstructure was microscopically examined 
by SEM. The compressive strength of the four scaffold groups was measured (n=8). The scaffolds 
were implanted for two and four months in the tibias of New Zealand white rabbits. At the end 
of the implantation periods, the animals were euthanized and their tibias were retrieved and 
dissected free of soft tissues. Histological and histomorphometric evaluations were performed 
(n=4 for each scaffold group at each implantation period). The bone mineral density (BMD) of 
the scaffold-filled bone defects was measured using dual-energy X-ray absorbtiometry (DEXA) 
(n=4 for each scaffold group at each implantation period). For statistical analysis, Kruskal Wallis 
analysis of variance (ANOVA) was used for multiple group comparisons while Bonferroni post 
hoc test was used for multiple 2-group comparisons. Student’s t-test was used when comparing 
two groups. Results: The prepared nHA powder particles had irregular shapes and an average 
size of 28±3 nm. SEM examination of the prepared scaffolds showed an interconnected porous 
structure for all groups with the pore size decreasing as the nHA concentration increased. The 
compressive strength increased with increasing the nHA content. Histologically, groups C and D 
showed more bone formation than the other two groups. Histomorphometric analysis revealed 
that the defects filled with groups C and D scaffolds showed the highest bone area % followed 
by those filled with group B then group A. The defects filled by the four groups had higher BMD 
than normal bone only after two months. There was no significant difference between the four 
groups neither after two or four months. Conclusion: Increasing the concentration of the nHA 
in the chitosan/cellulose/nHA composite scaffolds, up to certain limit, significantly improves the 
long-term in vivo performance when used for bone engineering.
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INTRODUCTION 

Tissue engineering was proven to be a promising 
biomedical strategy for bone reconstruction 
following bone loss due to trauma or surgery (1). 
According to the most classical tissue engineering 
paradigm, cells can be isolated from the patient, 
expanded in culture then seeded on a three-
dimensional porous biodegradable scaffold. The 
cell-loaded scaffold is then implanted in the defect 
site where the cells continue to proliferate while the 
scaffold gradually degrades. Eventually, the scaffold 
becomes totally degraded and substituted by the 
newly formed tissue. Due to the very important 
role played by the scaffold material in the success 
of tissue engineering, a wide variety of biomaterials 
have been investigated for scaffold fabrication. 
Biodegradable ceramics drew wide attention as 
scaffold materials due to their high strength and 
bioactivity, yet their brittleness is considered a 
limitation (2). Polymers, on the other hand, have a 
resilient nature that mimics that of normal tissues 
but they lack strength (3). Both synthetic and natural 
polymers have been used for scaffold fabrication, 
with the latter type having the advantage of 
possessing chemical cues that are readily identified 
by cells which results in more cell adhesion.

One of the natural polymers that attracted 
attention as a scaffold material is chitosan. Chitosan 
is a polysaccharide obtained by partial deacetylation 
of chitin, the primary structural polymer in arthropod 
exoskeletons (4). Chitosan has been used in tissue 
engineering due to its antibacterial, hemostatic 
and bioadhesive properties (5-7). It also promotes 
cell adhesion due to its positive surface charge that 
induces electrostatic interactions with the negatively 
charged cell membranes (8). Unfortunately, these 
valuable biological advantages are opposed by 
some drawbacks such as the weak mechanical 
properties and the relatively high biodegradation 
rate (4). Attempts have been made to overcome 

such drawbacks by combining the chitosan with 
stronger and more slowly degraded polymers, 
such as cellulose and its derivatives. Hydroxyethyl 
cellulose (HEC) is a cellulose derivative that can 
effectively cross-link chitosan chains forming a 
three-dimensional polymer network (9). Such cross-
linking was proven to increase the strength and 
decrease the degradation rate of chitosan (10).

Ever since the concept of “biomimicry” was 
introduced, scientists came to believe that solutions 
chosen by nature are often a good starting point in 
the search for answers to scientific problems. Since 
bone is a natural composite comprising a polymer 
matrix reinforced with a ceramic material, many 
researchers investigated how composite polymer-
ceramic scaffolds would effectively promote bone 
regeneration. These composite scaffolds are believed 
to provide a more nature-like environment for cells 
and to combine the advantages of both polymers 
and ceramics (3). Due to the fact that 60wt% of 
bone is made of hydroxyapatite (HA), Ca10 (PO4)6 

(OH)2, this material has been commonly used as the 
major ceramic component of composite scaffolds 
used for bone engineering (11). Based on the same 
concept of “biomimicry’, using the hydroxyapatite 
for scaffolding in a nonoscale, the scale at which it 
exists in natural bone, increases its bioactivity (12,13). 
Composite chitosan/HA scaffolds have been widely 
investigated in literature (14-16). Studies revealed that 
the incorporation of HA into chitosan scaffolds 
decreased their porosity, increased their strength and 
increased cell adhesion, proliferation and mineral 
deposition in vitro (2,17,18).

However, an important question that is often 
raised when fabricating composite chitosan/HA 
scaffolds is “What is the optimum ratio at which 
the materials should be blended?”. Most studies 
conducted to answer this question only compared 
the in vitro performance of scaffolds prepared at 
different ratios (19,20). Very little in vivo research 
is available to address such an inquiry and it only 
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studies the short term, e.g. 24 days, outcome of 
using different chitosan/HA ratios (21). Accordingly, 
the current study aims to compare the long term in 
vivo performance of composite chitosan/cellulose/
nano-HA scaffolds containing different nano-HA 
concentrations.

MATERIAL AND METHODS

Materials

Calcium nitrate and diammonium phosphate, 
used for the nano-HA powder preparation, were 
purchased from El-Gomhoria Co., Egypt. Chitosan 
(middle-viscous with degree of deacetylation 
≈ 80%), β-glycerol phosphate disodium salt 
pentahydrate (β-GP) and hydroxyethyl cellulose 
(HEC) were purchased from Fluka BioChemika. 

Methods

Preparation of the nano-hydroxyapatite (nHA) 
powder

The nano-hydroxyapatite (nHA) powder 
was prepared using the co-precipitation method. 
Calcium nitrate and diammonium phosphate were 
used as calcium and phosphorous precursors 
respectively. A Ca:P molar ratio of 1.62:1 was used. 
The diammonium phosphate solution was added 
dropwise to the calcium nitrate solution at room 
temperature under continuous stirring. The pH of 
the mixture was adjusted to pH=8 by the addition of 
NaOH solution. The solution was stirred constantly 
by a mechanical stirrer for 24 hours after which the 
mixture was heated to 50 oC for 20 minutes until 
a white hydroxyapatite precipitate was obtained. 
The reaction mixture was sonicated then allowed to 
age for 24 hours. After aging, the precipitate was 
separated from the suspension, rinsed with diluted 
ethyl alcohol then washed with distilled water. The 
filtrated precipitate was then dried at 150 °C for 24 
hours then calcined at 900 °C for one hour to obtain 
the final nHA powder.

Characterization of the prepared nHA powder

Particle size analysis and polydispersity index 

Mean particle size diameter and polydispersity 
index of the prepared nano particles were measured 
directly after synthesis, using photo correlation 
spectroscopy (PCS) (Malvern Instruments Ltd, 
Worcestershire, UK). Briefly, a volume of 2 ml of 
the nHA suspension were added to the quartz cell of 
the PCS and measurements were taken at 90° to the 
incident light source. Three separate measurements 
were made and their average was taken as the final 
reading.

Scanning electron microscopic examination 
(SEM) of the powder morphology

The morphology of the nano particles was 
studied using scanning electron microscope (SEM, 
LEO SUPRA 55, Oberkochen, Germany) at an 
accelerating voltage of 8-12 KV.

Preparation of the composite scaffolds

Four scaffold groups were prepared; group A 
(control) based only on chitosan and hydroxyethyl 
cellulose (HEC) while groups B, C and D are 
composite chitosan/HEC/nHA scaffolds with nHA/
chitosan ratios of 20, 40 and 60 wt% respectively. The 
compositions of the four scaffold groups are given 
in Table 1. Briefly, a chitosan solution (2% w/v) was 
obtained by dissolving the chitosan flakes in 0.15 M 
acetic acid. The chitosan solution was then cooled 
to 4oC. An aqueous solution of β-glycerol phosphate 
(β-GP) was prepared by dissolving 4 g of β-GP in 6 
ml distilled water. The prepared β-GP solution was 
cooled to 4 oC then added dropwise to the chitosan 
solution. Vigorous stirring of the resultant mixture 
was continued for five minutes to obtain a clear 
solution. The role of the β-GP was to neutralize 
the positive charges on the chitosan chains thus 
eliminate the strong interchain repulsion and allow 
the chains to come close enough to be cross-linked 
by the HEC that would be added later (22). In order 
to prepare scaffold groups having different nHA 
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concentrations, a series of nHA aqueous suspensions 
was prepared by dissolving 80, 160 or 240 mg nHA 
in 2 ml distilled water. These suspensions were then 
added to the chitosan/β-GP mixtures and stirred. 
HEC (80 mg) was dissolved in 4 ml distilled water 
then added dropwise to the chilled mixture and 
stirring was continued for additional five minutes. 
The obtained cold solutions were poured in special 
Teflon molds to shape them into the desired form 
and dimensions. The filled molds were incubated for 
two hours at 37 oC to allow gelation of the mixtures 
then the samples were freeze-dried in a lyophilizer 
(Model: EF03, Edwards High Vacuum Ltd., UK) at 
-80 oC for 48 hours to obtain dry porous scaffolds. 

TABLE (1): Compositions of the four scaffold groups

Group
Chitosan

(mg)

β-GP

(g)

HEC

(mg)

nHA

(mg)

nHA/
chitosan 

weight ratio
A 400 4 80 0 0%

B 400 4 80 80 20%

C 400 4 80 160 40%

D 400 4 80 240 60%

Characterization of the composite scaffolds

Scanning electron microscopic examination of the 
scaffold’s porosity

The scaffolds were carefully sectioned with a 
sharp scalpel to expose their internal microstructure. 
The sectioned surfaces were examined at a 
magnification of (120x) by SEM (Quanta 250 Field 
Emission Gun scanning electron microscope, FEI 
Company, Netherland). 

Mechanical characterization

The scaffolds used for mechanical testing were 
prepared in special molds yielding cylindrical 
specimens with 10 mm height and 5 mm diameter. 
The compressive strengths of the scaffolds were 
measured using a universal testing machine (AG-

5KNL, Shimadzu Co., Japan) at a crosshead speed 
of 0.5 mm/min. Eight scaffolds were tested for each 
group (n=8). 

In vivo scaffold implantation 

Sixteen adult New Zealand white rabbits 
weighing 2-2.6 kg, with an average age of 4 months, 
were used in this study. The experimental protocol 
was reviewed and approved by the Ethics Committee 
of the Faculty of Oral and Dental Medicine, Cairo 
University. All scaffolds were sterilized by autoclave 
prior to surgical implantation.  

Rabbits were anesthetized by intramuscular 
injection of a mixture of ketamine hydrochloride 
(50 mg/kg of body weight) and xylazine (5 mg/
kg of body weight). The scaffolds were implanted 
in the lateral aspects of both left and right tibias of 
each rabbit. The implantation sites were shaved, 
cleaned with antiseptic solution and incised then the 
subcutaneous tissues and muscles were retracted to 
expose the bone. Four circular bony defects were 
produced in each animal, two in each tibia, using 
a diamond wheel surgical stone revolving at a low 
speed (25000 rpm) with copious physiological 
saline irrigation. Each defect was 4 mm in diameter 
and its depth extended down to the bone marrow 
(Fig. 1A). The scaffolds prepared for implantation 
were aseptically cut to fit exactly into the prepared 
defects. The upper defects of the left tibias received 
group A scaffolds while their lower defects received 
group B scaffolds. The upper and lower defects of 
the right tibias received groups C and D scaffolds 
respectively (Fig. 1B). The muscles, subcutaneous 
tissues and skin were sutured, and the wounds 
were sprayed with an antifungal-antibacterial 
spray. After surgery, the animals were placed on a 
combined systemic antibiotic-analgesic treatment 
for five days. The rabbits were euthanized two or 
four months after surgery (eight rabbits after each 
time period) by intravenous overdose of sodium 
pentobarbital and their tibias were dissected free of 
soft tissues.
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Histological examination

The tibias of half of the rabbits (eight rabbits) 
were used for histological examination; four 
rabbits for the two months period and four rabbits 
representing the four months (n=4). The tibias were 
fixed in 10% calcium formol for 48 hours then 
washed and soaked for eight weeks in 10% ethylene 
diamine tetraacetic acid (EDTA) for decalcification. 
After that, the decalcified tibias were rinsed in 
distilled water, dehydrated in ascending grades 
of alcohol then embedded in paraffin. Finally, the 
tibias were cross-sectioned to obtain histological 
sections of 5 μm thickness and the prepared sections 
were subjected to haematoxylin and eosin (H&E) 
staining for routine histological examination.

Histomorphometric analysis

Histomorphometry was carried out by one 
investigator and the slides were coded so that 
the investigator was blind to the test groups. 
The histomorphometric data were obtained 
using Leica Qwin 500 image analyzer computer 
system controlled by Leica Qwin 500 software 
(Leica Microsystems, UK). The image analyzer 
was first calibrated automatically to convert the 
measurement units (pixels) produced by the image 
analyzer program into actual micrometer units. The 
area and the area percentage of bone trabeculae 
were measured using an objective lens having a 

magnification of 20x. Ten fields were measured for 
each specimen. Using the color detector, bone areas 
were masked by a blue binary color. The bone area 
percentage (bone area %) was calculated in relation 
to a standard measuring frame having an area of 
118476.6 μm2.

Bone mineral density (BMD)

The tibias of the other eight rabbits were used 
to measure the BMD; four rabbits representing the 
two months period and four rabbits for the four 
months (n=4). The BMD was measured using dual-
energy X-ray absorbtiometry (DEXA) (Norland 
XR-46 scanner, Norland Corp. Fort Atkinson, WI, 
USA). Regions of interest were defined to include 
the implanted scaffolds and the surrounding cortex. 
Three areas were defined in each tibia: two areas 
containing the implanted scaffold materials and 
one area of normal bone (control). Results were 
displayed automatically for each area in g/cm2. The 
mean value for normal bone area in both right and 
left tibias of each rabbit was calculated and used as 
a control in the statistical analysis.

Statistical analysis

The obtained data were presented as means and 
standard deviation values (mean ± SD). For multiple 
group comparisons, Kruskal Wallis analysis of 
variance (ANOVA) test was performed with 

Fig. (1): The surgical procedure: (A): Two bony defects produced in one tibia, (B): The scaffold being introduced into the bony 
defect.
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Bonferroni posthoc multiple 2-group comparisons. 
Student’s t-test for independent samples was utilized 
when comparing two groups. A probability value 
less than 0.05 (p< 0.05) was considered statistically 
significant. All statistical calculations were done 
using the SPSS computer program (Statistical 
Package for the Social Science, SPSS Inc., Chicago, 
IL, USA) version 15 for Microsoft Windows.

RESULTS

Characterization of the prepared nHA powder

Results of the PCS showed that the powder 
had an average particle size of 28±3 nm and a 
polydispersity index (PDI) of 0.02. These results 
came in agreement with the findings of the SEM 
(Fig. 2). The SEM also showed that the nHA powder 
particles were irregular in shape and mostly non-
agglomerated. 

Fig. (2): SEM micrograph of the prepared nano-hydroxyapatite 
powder

Characterization of the composite scaffolds

Scanning electron microscopic examination of the 
scaffold’s porosity

The SEM micrographs revealed that the scaffolds 
of the four groups had a porous microstructure 
with marked interconnectivity between the pores. 
Comparing the micrographs revealed that adding 
and increasing the nHA concentration in the scaffold 
formulation resulted in progressively less porous 
structure with smaller pore size (Fig. 3).

Mechanical characterization

The Kruskal Wallis ANOVA results showed a 
significant difference in the compressive strength 
between the four groups (p<0.0001). The post 
hoc test revealed that the compressive strength 
increased significantly from group to group as the 
nHA concentration increased. These results are 
shown in Table 2.

Histological results

Two months after in vivo implantation

The biopsies harvested from the defects filled 
with group A scaffolds revealed persistence of the 
scaffold material which was detected in the bone 
core and was surrounded with granulation tissue 
containing large number of large-sized blood 
sinusoids (Fig. 4a). The newly formed bone at 
the defect borders was formed of immature bone 
trabeculae containing large number of osteocytes, 
large number of marrow spaces and large number 
of vacuoles containing the scaffold material. Bone 

TABLE (2) Mean ± standard deviation values and statistical analysis results of the compressive strengths 
(MPa) of the four groups

Group A B C D p-value

Mean±SD 0.2±0.001d 0.5±0.01c 0.8±0.04b 1.5±0.05a <0.0001*

* Statistically significant difference; Means with different alphabets are statistically significantly different according to 
Bonferroni test. 
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trabeculae began to invade the fibrous tissue formed 
on top of the granulation tissue (Fig. 4b). The 
defects filled with group B were also still filled with 
some remnants of the scaffold material invaded 
with fibrous tissue. The neobone began to invade 
the fibrous tissue surrounding the granulation tissue 
formed at the base of the defect (Fig. 4c). Bone 
specules bordered with osteoblasts were observed 
at the defect fundus (Fig. 4d). The defects filled with 
groups C and D were partially closed by thick bone 
trabeculae with intervening interconnected marrow 
spaces network. In the specimen filled with group 
C, the bone trabeculae were more mature with fewer 
osteocytes (Fig. 4e). In case of group D-treated 
defects, the newly formed bone was denser but with 
numerous small and large sized marrow spaces (Fig. 
4f).  

Four months after in vivo implantation

After four months of implantation by group A 
scaffolds, the defects were still filled with remnants 
of the scaffold material which was invaded with 
fibrous tissue. At the fundus of the defects, bone 
trabeculae were formed to close the holes (Fig. 
5a). The defects were partially closed from their 
borders with lacerated bone trabeculae containing 
large number of osteocytes and intervening marrow 
spaces (Fig. 5b). 

The defects loaded with group B scaffolds were 
closed with bridges of interconnected homogenous 
bone trabeculae with large marrow spaces and large 
number of osteocytes (Fig. 5c). The bone center 
was filled with fatty bone marrow and surrounded 
with less granulation tissue. The newly formed 
bone was more mature resembling compact bone 

Fig. (3): SEM micrographs of the four scaffold groups showing the porosity progressively decreasing in size as the nHA 
concentration gradually increases from group A to group D.



(8) Gihan H. Waly, et al.E.D.J. Vol. 59, No. 2

Fig. (4): Photomicrograph of bone specimens after two months of implantation by group A scaffolds (a,b), group B (c,d), group 
C (e) and group D (f). For group A: Granulation tissue (GT) was formed at the depth of the defect with large-sized blood 
sinusoid (BS) (4a). Neobone was formed of immature bone trabeculae containing osteocytes (arrows) and vacuoles filled 
with scaffold material (arrowheads), bone trabeculae (BT) began to invade the well organized fibrous tissue (FT) (4b). 
For group B: BT began to invade the FT bordering the GT (4c). Bone specules (BS) were found at the defect fundus (4d). 
For group C: Thick well organized BT with intervening interconnected marrow spaces. The BT were homogenous with 
few osteocytes and marrow spaces which were filled with fat cells (FC) (4e).  For group D: Thick well organized BT with 
intervening interconnected marrow spaces (MS), the newly formed bone was denser but with numerous small and large-
sized marrow spaces (4f).  (H&E, 100x for a, d and 40x for b, c, e, f).
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Fig. (5): Photomicrograph of bone specimens after four months of implantation by group A scaffolds (a,b), group B (c,d), group C 
(e) and group D (f). For group A:  The defect was filled with the scaffold material (graft material) (GM) which was invaded 
with fibrous tissue (FT). Bone trabeculae (BT) were formed at the fundus depth (5a). The newly formed bone was filled 
with large number of osteocytes and vacuoles containing the scaffold material (arrowheads) (5b). For group B: Bridges 
of interconnected homogenous BT with marrow spaces filled with fatty cells (FC) (5c). The neobone resembled compact 
bone (5d). For group C: Compact bone (CB) was detected with haversian systems. There were numerous marrow spaces 
(MS) and entrapped osteocytes, no evidence of remaining scaffold material (5e). For group D: no evidence of remaining 
scaffold material, the arrangement of bone is more mature with osteons (OS) and few entrapped osteocytes (arrows) (5f).  
(H&E, 40x).
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(Fig. 5d). The defects filled with groups C and D 
scaffolds were completely closed with compact 
bone having haversian systems and no evidence 
of remaining scaffold material. In group C treated 
bone specimens, there were large number of marrow 
spaces and entrapped osteocytes (Fig. 5e) while, 
in bone specimens treated with group D scaffolds, 
the arrangement of bone was more mature with 
numerous osteons and few entrapped osteocytes 
(Fig. 5f).

Histomorphometric analysis

There was a statistically significant difference 
in the bone area % between the four groups after 
both periods of implantation. After two months, no 
significant difference was found between groups C 
and D which showed the statistically significantly 
highest mean bone area % followed by group B 
while group A showed the significantly least bone 
area %. Comparable results were obtained after four 
months of implantation, where groups C and D had 
the significantly highest bone area % followed by 
group B while group A showed the least bone area 
%. These results are shown in Table 3.

The Student’s t-test used for comparing the bone 

area % within each group after the two implantation 
periods revealed that all groups showed significant 
increase in bone area % after four months as 
compared to two months.

Bone mineral density (BMD)

After two months of implantation, all tibia 
bone areas that were filled with scaffolds showed 
significantly higher mean BMD than the normal 
bone. However, there was no significant difference 
in the BMD between the four groups (Table 4). 

After four month of implantation, there was 
no significant difference in the BMD between the 
tibia areas filled by the scaffolds of the four groups. 
In addition, there was no significant difference 
between the grafted tibia zones and the normal bone 
(Table 4). 

The Student’s t-test used for comparing the 
BMD within each scaffold group after the two 
implantation periods showed that there was no 
significant difference after two or four months in 
the areas filled by the same scaffold group (Table 
4). Representative DEXA scans of a left and a right 
tibia after two and four months of implantation are 
shown in Fig.6.

TABLE (3): Mean ± standard deviation values and statistical analysis results of the bone area % of the four 
groups after two and four months of implantation 

          Time
Group

2 months 4 months
Student t-test

p-value
A 67.956 ± 5.547 c 80.158 ± 6.746 c 0.0003*

B 84.205 ± 2.854 b 91.746 ± 3.784 b <0.0001*

C 90.524 ± 3.883 a 95.005 ± 2.946 a 0.0094*

D 91.602 ± 5.095 a 97.078 ± 2.099 a 0.0056*

Kruskal Wallis ANOVA        p-value <0.0001* <0.0001*

*Statistically significant difference; Means with different alphabets (vertically) are statistically significantly different 
according to Bonferroni test.
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DISCUSSION

The current study is based on incorporating 
different concentrations of nHA into chitosan/HEC 
scaffolds. Although the properties of chitosan/HA 
scaffolds with different HA ratios were investigated 
in previous studies, most of these studies only 
evaluated the scaffolds in vitro. Even the few studies 
that addressed the in vivo scaffold performance only 
focused on the short-term outcome. Alternatively, 

the current study investigated the long term in vivo 
performance of chitosan/HEC/nHA scaffolds, with 
different nHA ratios, after two and four months of 
implantation in a rabbit model. 

Nano- rather than micro-HA particles were 
used due to the superior cytophilicity of the former 
and their known ability to stimulate osteoblastic 
proliferation (23,24). Particle size analysis showed 
that the prepared nHA powder had an average size 

Table 4: Mean ± standard deviation values and statistical analysis results of the BMD of the four groups 
after two and four months of implantation 

             Time 
 Group                    

2 months 4 months 
Student’s t-test      

p-value

A 0.224975 ± 0.010741a 0.29090 ± 0.07881 0.1485

B 0.242650 ± 0.023945a 0.30005 ± 0.06889 0.1665

C 0.249075 ± 0.038503a 0.30468 ± 0.06113 0.1747

D 0.253325 ± 0.037970a 0.31320 ± 0.08589 0.2494

Normal bone 0.192663 ± 0.014795b 0.23733 ± 0.05623

Kruskal Wallis ANOVA p-value 0.0434* 0.5923

* Statistically significant difference, Means with different alphabets (in the two months column) are statistically significantly 
different according to Bonferroni test.

Fig. (6): Dual-energy X-ray absorptiometry (DEXA) scan plots of the right (Rt) and left (Lt) tibias showing the regions of interest 
after two months and four months of implantation: Normal bone (N), group A scaffold  region (A), group B scaffold region 
(B), group C scaffold region (C) and group D scaffold region (D).
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of 28±3 nm. This size range is close to the nHA 
size that was reported by Chi et al (2009) to be the 
most effective at promoting osteoblasts growth and 
inhibiting cell apoptosis (20 nm) (24).

SEM examination of the prepared scaffolds 
showed that the scaffolds of the four groups had 
an interconnected porous structure with the overall 
porosity and pore size decreasing as the nHA 
concentration increases. This comes in agreement 
with Han et al (2010) who reported that adding 
HA to alginate/chitosan scaffolds decreased their 
porosity (17). When the nHA particles are added to 
the polymeric chitosan/HEC scaffold, the nHA 
occupies part of the total volume of the scaffold 
thus decreasing the volume fraction occupied by the 
polymer. The scaffold fabrication method used in 
the current study is based on eliminating the liquid 
phase entrapped between the polymer chains in the 
polymer solution through a freeze-drying procedure. 
This means that the freeze-drying method induces 
porosity in the polymer rather than the ceramic 
phase. This may explain how decreasing the volume 
fraction of the polymer phase in the scaffold, as a 
result of adding and increasing the amount of nHA, 
results in decreasing the porosity percentage. 

Mechanical characterization of the scaffolds 
showed that increasing the hydroxyapatite content 
in the scaffold significantly increased it compressive 
strength. These results come in accordance with those 
reported by Li et al (2005) (19) and Mubarez (2011) 
(25). This nHA reinforcing effect may be attributed to 
the chemical interactions such as hydrogen bonding 
and chelation between the polymer chitosan matrix 
and the ceramic nHA phase. According to the “rule of 
mixtures” that governs the properties and behavior 
of composites, the presence of such chemical 
interactions at the polymer-ceramic interface allows 
an effective stress transfer within the composite 
system. This in turn contributes to improving the 
mechanical properties of the composite scaffold (25). 
This may explain why increasing the concentration 
of the stronger ceramic phase increases the 
mechanical properties of the composite scaffold. 

The reinforcing effect of the nHA particles may also 
be attributed to its effect on the scaffold’s porosity. 
As previously mentioned, the SEM results showed 
that increasing the concentration of the nHA in the 
scaffold decreased its porosity. This may enhance 
the structural integrity thus improve the mechanical 
properties of the scaffold. 

After two and four months of in vivo implantation, 
remnants of the scaffold material were histologically 
observed in the defects filled by group A scaffolds 
(those that contain no hydroxyapatite). The remnants 
were much less observed in the defects filled by 
group B scaffolds after two months and totally 
disappeared after four month.  No remnants were 
found in groups C or D defects neither after two or 
four months. This may indicate that incorporating 
and increasing the content of nHA in the chitosan-
based scaffolds accelerated their in vivo degradation. 

The histological examination revealed that the 
defects filled with groups C and D scaffolds showed 
more pronounced bone formation compared to 
those filled by group B while those filled with 
group A scaffolds showed the least bone formation. 
This was observed both after two and four months. 
These findings were also confirmed by the 
histomorphometric analysis which showed that after 
both two and four months of implantation, groups C 
and D scaffolds resulted in the significantly highest 
bone area % followed by group B while group A 
showed the lowest bone area %. These results indicate 
that adding and increasing in the concentration of 
the nHA in the scaffold increased the quantity of the 
newly deposited bone. To explain these findings, it 
is important to highlight the mechanisms by which 
the nHA particles promote bone formation. It was 
reported in previous studies that the level of the 
extracellular calcium ions (Ca2+) plays an important 
role in regulating the osteoblastic proliferation and 
differentiation. Increasing the extracellular Ca2+ 
concentration increases the osteoblastic proliferation 
and differentiation by changing the expression of 
specific Ca2+ channel isoforms on osteoblasts (26). 
Thus, the higher the concentration of the nHA in 
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the composite scaffold, the more the calcium ions 
eluted as a result of dissolution of the nHA. This 
would create a high local extracellular Ca2+ level in 
the microenvironment of the scaffold-filled defects 
resulting in more osteoblastic proliferation and 
differentiation with subsequently greater bone area 
%. Not only does the high extracellular Ca2+ level 
stimulate bone formation but it also depresses the 
osteoclast-mediated bone resorption via negative 
feedback loops (26). However, that direct relation 
between bone formation and the exctracellualr Ca2+ 

level has an upper limit. i.e. too high calcium and 
phosphate levels induce bone cell apoptosis caused 
by marked changes in the mitochondrial function 
(27). This may explain the absence of any significant 
difference in the bone area % between groups C 
(40% nHA) and D (60% nHA). It is probable that the 
calcium levels induced in the tissues surrounding the 
group D implanted scaffolds exceeded the favorable 
bone stimulating level. 

The increase in the bone area % with increasing 
the nHA concentration can also be explained on the 
basis of the nano particles surface topography. A 
special feature of the nano-structured materials is the 
existence of an extremely high number of molecules 
on the surface in comparison with the bulk (28).  This 
is accompanied by greater surface area and more 
surface defects (such as edge/corner sites and particle 
boundaries). Such altered surface topography can 
favorably influence the initial protein interactions 
that, in turn, control the subsequent cell adhesion 
(29,30). Evidently, this latter effect is independent of 
the surface chemistry and is only related to the nano 
surface topography (30). This may explain the results 
obtained in the current study where adding and 
increasing the concentration of the nano particles in 
the chitosan/HEC scaffolds may have increased the 
availability of these surface defects with subsequent 
increase in protein adsorption and cell adhesion.

Finally, despite the significant difference 
between the groups in the bone area%, no significant 
difference in the BMD was found between the 
four groups neither after two or four months. This 

difference implies that when studying the effect of 
scaffolds on bone regeneration, a distinction should 
be made between “bone quality”, as presented by 
the BMD and “bone quantity”, as presented by the 
bone area %.  

CONCLUSION

From the foregoing research, it can be concluded 
that the composite chitosan/cellulose/nHA scaffolds 
are promising candidates for bone engineering.  It is 
also evident that increasing the concentration of the 
nHA in the scaffold, up to a certain limit, significantly 
increases the scaffold’s compressive strength and 
improves its long term in vivo performance when 
used for bone engineering.
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