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ABSTRACT

Introduction: Chitosan is a biodegradable, naturally occurring polymer with recently used
as a scaffold material in tissue engineering. To maximize the biocompatibility and bioactivity of

Chitosan, nanohydroxyapatite has been incorporated into chitosan scaffolds.

Aim: This study aimed to investigate bone healing after placing CS/nHA scaffold in bone

regeneration of extracted socket in rabbits with induced osteoporosis.

Materials and Methods: We used 40 New Zealand white rabbits randomly divided into 4
groups: group A (-ve Control), group B (+ve Control with CS/nHA scaffold), group C (osteoporosis
with CS/nHA scaffold), and group D (osteoporosis without CS/nHA scaffold). After induction of
osteoporosis and surgical extraction, the rabbits were euthanized at 2 and 6 weeks. The effect of CS/
nHA was evaluated histologically and immunohistochemically using ALP, OP, and BMP-2 markers.

Results: Our results showed enhanced bone trabeculae in group B and C comparable with the
group A. However, thin bone trabeculae with irregular bone surfaces were seen in group D. Our
histological findings were confirmed by the newly formed bone surface area histomorphometry,
besides ALP, BMP-2, and OP immunoexpression showing a sustained significant increase in group

B and C compared with group D across both intervals.

Conclusion: The histology and immunoexpression of bone healing markers was positively
affected by the placement of CS/nHA scaffolds under osteoporotic conditions. These results may
indicate that CS/nHA scaffolds could be used to augment bone healing and improve the quality
of newly formed bone after extraction in patients with osteoporosis required for future surgical
procedures such as dental implantation.
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INTRODUCTION

Bone reconstruction in the oral and maxillofacial
regions allows esthetic and functional recovery of
the craniofacial skeleton. The management of large
bony defects caused by congenital anomalies, trau-
ma, and degenerative disease remains a complicated
problem for orthopedic reconstructive surgeons. To
solve that, autologous bone grafts emerged as the
gold standard for reconstructing bone defects. How-
ever, the main concern was the donor site morbid-
ity and size limitations. This led to using bio-artifi-
cial bone tissues to overcome these drawbacks ',
Thus, bone tissue engineering is a distinctive new
approach to bone regeneration '*!. Within this field,
biomedical polymers became a trendy material
because of their biocompatibility and biodegrad-
ability. They are designed in the form of a three-di-
mensional (3D) scaffold with interconnected pores
with high porosities. This facilitates the implanta-
tion of scaffolds in the human body. Hence, these
scaffolds should have good biocompatibility, bio-
degradability, high porosity, and good mechanical
properties >4,

One of these biomedical materials is chitosan
(CS), a popular natural polymer characterized by
its biodegradability, biocompatibility, and nontoxic-
ity B It can also be easily modified into different
forms for orthopedic therapy, such as films, fibers,
sponges, and complex forms. However, CS scaf-
folds exhibit poor mechanical properties because
their flexibility makes them unsuitable for replacing
normal bone. Meanwhile, CS scaffolds cannot sup-
port load-bearing bone implants !,

Chitosan scaffolds are mixed with hydroxyapa-
tite (HA) to counter these limitations. This is the
major inorganic bone component; given its high
biocompatibility and osteoconductivity, it has been
used as a suitable alternative for hard tissues. More-
over, it was used clinically as an artificial bone
substitute for dental implants "!. This is performed
mainly to overcome the high flexibility of CS.
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However, the fragility and dispersion of hydroxy-
apatite (HA) granules make molding into the appro-
priate shape difficult; therefore, they are clinically
restricted as bone substitutes ®. To solve this, HA
is constructed in a nanoscale below 100nm in di-
ameter. HA nanoparticles are characterized by their
high bioactivity, biocompatibility, and flexibility,
which are highly required in biomedicine. Since the
nano-sized HA particles positively affect the host
tissue response, the development of nanophase HA
has been imperatively increasing .

The combination of CS and nano HA (nHA)
materials provide a composite with superior
properties. It aids in improving cell adhesion and
proliferation during new bone formation. Moreover,
it increases mechanical strength, type I collagen
production, and the expression of other osteogenic
differentiation markers. CS/nHA scaffolds serve
primarily as osteoconductive moieties, as new
bone is deposited by creeping substitution from the
adjacent living bone 10111,

Our study used a manufactured CS/nHA
scaffold to induce bone healing in extracted sockets
synthetically or obtained from natural sources 214,
However, the composite of CS with synthetic HA is
more widely used as a bone graft substitute instead
of natural HA 31,

Several bone disorders can jeopardize bone
formation and subsequent mineralization. One of
these diseases is osteoporosis. It is characterized
by a reduction in bone density and structural
deterioration, which increases the liability for silent
fractures. Moreover, osteoporosis interferes with
bone repair, even after a simple dental procedure
such as exodontia 1],

Osteoporosis treatment is divided into antire-
sorptive (anti-catabolic), anabolic, and combina-
tion. Osteoclasts remain the main targets of medi-
cal intervention. Moreover, it is crucial to reverse
bone loss and stimulate bone formation by boosting
bone regeneration, which has become a challenge
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for health care providers "1, Osteoanabolic therapy
such as bisphosphonates, denosumab, and estrogen
activates bone formation because of its effects on
osteoblasts, and the only currently available treat-
ment regimen is the daily injection of one of the
analogs of parathyroid hormone (PTH). However, a
higher risk of adverse effects, mainly cardiovascu-
lar symptoms, is associated with systemic adminis-
tration !'®. Thus, for dental manipulation, a locally
applied material with a bone regenerative capacity
to induce adequate bone density in patients with os-
teoporosis is highly encouraged 9.

Within this context, we were interested in
investigating a panel of bone markers upregulated
during bone healing after placement of our designed
CS/nHA scaffold that induced bone formation. Bone
morphogenic protein 2 (BMP-2) isakey player factor
in osteogenesis, which induces the differentiation of
mesenchymal stem cells into osteoblasts. Moreover,
alkaline phosphatase (ALP) is a key player and a
widely used osteoblast biomarker responsible for
regulating osteoblast function and extracellular
matrix mineralization during bone remodeling "%,
Finally, we used osteopontin (OP) to investigate the
early stages of bone mineralization, as it is located
along the wounded surface, allowing osteoblasts to
integrate and promote bone mineralization through
cement line bonding .

This study aimed to evaluate immunohistochem-
ical markers of bone healing profiles such as ALP,
BMP-2, and OP after placing the CS/nHA scaffold
in induced osteoporotic rabbits.

MATERIAL AND METHODS

Experimental animals

The study was conducted in accordance with
the ethical guidelines of research on experimental
animals at the Faculty of Dentistry, Alexandria Uni-
versity (IRB No. 00010556-IORG 0008839). Forty
6-month-old (3.5-4.5 kg weight) white New Zea-
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land rabbits were used in this study. Animals were
obtained from the animal house of the Medical Re-
search Institute, Alexandria University. They were
housed in the experimental animal house under the
same nutritional and environmental conditions 2.
Rabbits involved in an earlier experimental study or
suffering from diseases or injuries were excluded.

Rabbits were divided randomly by computer-
assisted software into four equal groups: group
A (- ve control), group B (+ ve control with CS/
nHA scaffold), group C (osteoporosis with CS/nHA
scaffold, study group), and group D (osteoporosis
without CS/nHA scaffold). A random allocation
was completed using a computer-generated random
sequence of numbers to assign treatment status
to reduce the possibility of error, in which all
personnel who performed the tests were unaware of
the treatment assignment 221,

Characterization of the scaffold and the nanohy-
droxyapatite particles

For this study, we used a prefabricated CS/nHA
scaffold designed and provided by a nanotechnol-
ogy company (Nano Tech Egypt, 6th of October
City, Egypt). The morphology and size of the scaf-
fold’s pores were characterized using scanning
electron microscopy (SEM, JSM-5300, JEOL, Ja-
pan) to show interconnected pores and verify nHA
incorporation in the CS scaffold. The characteriza-
tion was completed at the Faculty of Science, Al-
exandria University, Egypt. The scaffold was cut
by a razor blade, mounted on aluminum stubs with
conductive paint, and then sputter-coated with gold
for examination 3, Moreover, we verified the size
and shape of the nHA using a transmission electron
microscope (TEM, JOEL, 1400plus, Japan) at the
Faculty of Science, Alexandria University, Egypt.

Induction of osteoporosis

Osteoporosis ~ was
related dose adaptations of sodium succinate

methylprednisolone (EPICIO, Nasr City, Egypt).

induced using weight-
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Osteoporosis was performed only for groups C and
D.Rabbits were injected with 2 mg/kg/day of sodium
succinate methylprednisolone intramuscularly over
four consecutive weeks. By the end of week 4 post-
injection, the rabbits were prepared for surgical
extraction of the mandibular right first premolar "¢,

Surgical procedure and CS/nHA scaffold

application

After 4 weeks of osteoporosis induction, the
animals were sedated using a combination of
13 mg/kg xylazine hydrochloride and 33 mg/kg
ketamine and prepared for atraumatic extraction of
the right mandibular first premolar !, After that, for
rabbits in group D, the extraction sockets were left
for spontaneous healing without using any material.
However, the sockets in groups B and C were packed
with CS/nHA scaffolds. Then, 4-0 Vicryl sutures
were used to close the soft tissue of all groups using

a cross-mattress technique to achieve site stability.

After the surgery, five animals from each
group were euthanized after 2 and 6 weeks. The
mandibles were dissected, and the right halves
were separated and prepared for histological and
immunohistochemical examinations. Finally, any

animal disposals were burned.

Histological evaluation of bone regeneration

After
immediately placed in

sacrifice, extracted biopsies were

10%
subsequently immersed into 0.5 M ethylene diamine

formalin and
tetra acetic acid tamponade for (10-15 days) for
demineralization. They were dehydrated using 95%
ethanol for 6h after rinsing with water. Thus, the
biopsies were soaked for 5 hin xylene, 5 h in paraffin,
and eventually integrated into liquid paraffin. With
microtome, sections of 4 wm thickness were cut ),
Each section was stained with hematoxylin/eosin
(H&E) and examined under a light microscope for

further investigations.
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Histomorphometric analysis

The histologic tissue sections were quantitatively
analyzed using ImageJ 1.46 r software (all obtained
a magnification of x100) to calculate the mean
percentage (%) of the newly formed bone surface
area””. Five images were analyzed for each tissue
section by two pathologists blindly for the four
groups at two-time intervals.

Immunohistochemical evaluation

The prepared tissue sections were stained using
ALP (at a dilution ratio of 1:50 of rabbit polyclonal
anti-ALP antibody), BMP-2 (at a dilution ratio of
1:50 of mouse polyclonal anti-BMP-2 antibody), and
OP (at a dilution ratio of 1:50 of rabbit polyclonal
anti-OP antibody). Immunohistochemical staining
was achieved by the labeled streptavidin-biotin
method 2%, Evaluation was performed by two
investigators in randomly selected microscopic
fields at a magnification of 400x to determine the
intensity of the three immune stains as the mean
area percentage. Data were analyzed quantitatively
using ImagelJ 1.46 r. Moreover, positive cells were
counted in five microscopic fields that demonstrated
more intense staining.

Statistical analysis

Data were analyzed using GraphPad Prism (ver-
sion 8, GraphPad Software Inc., LCC). Normality
was checked for all variables using descriptive sta-
tistics, plots (histogram and boxplots), and the Sha-
piro-Wilk normality test. All variables showed nor-
mal distribution; thus, means and standard deviation
(SD) were calculated, and parametric tests were
used. The distributions of quantitative variables
were tested using the F-test (analysis of variance).
The level of significance (p < 0.05) was indicated
on plots with asterisks (*). A sample of 40 rabbits
is needed to detect a reduced significant difference
in bone regeneration among the groups treated with
CS/nHA compared with the osteoporotic group. The
sample size was estimated assuming an 80% study
power and 5% alpha error. Following Chatzipet-
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ros et al. 11, the mean (SD) surface area of newly
formed bone was 91733.0 (38855.6) when the CS/
nHA scaffold was used and 46762.17 (25507.97)
when no scaffold was used. Based on the compari-
son of means, the calculated sample size was 9 per
group, which was increased to 10 to make up for
laboratory processing errors. The total required
sample size was as follows: the number of groups x
number per group =4 x 10 = 40.

RESULTS

Using the osteoporotic rabbit model treated by
the CS/nHA scaffold, we noticed a generalized
improvement in bone quality at 2 and 6 weeks
post-extraction. Group B and C, treated with CS/
nHA, had regular and rapid woven bone formation
with many osteocytes inside its lacunae, indicating
an active bone formation compared with group D
at 2 weeks. Furthermore, 6 weeks after extraction,
groups B and C sockets were comparable and
showed more regular and mature bone formation
with many osteocytes inside its lacunae compared
with those of group D.

Characterization of the CS/nHA scaffold and
nHA particles

Scanning electron microscopy analysis of
the CS/nHA scaffold revealed almost spherical,
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interconnected, regular pores, with sizes ranging
from 20 to 400 ym and dense struts in between
(Fig. 1a). The nHA particles were homogeneously
embedded like islands within a high density on the
surface of the scaffold and scattered in the pore
wall surfaces of the scaffold (Fig. 1b). Moreover,
TEM examination showed that nHA particles are
mostly rod or needle-like in shape with uniform
size (<100nm in length and 20-25 nm in diameter)
(Fig. 1c¢).

Histologic evaluation

We examined the tissue sections extracted from
the rabbits to identify the successive regenerative
changes in osteogenesis following the application
of the CS/nHA scaffold in osteoporotic rabbits.

At 2 weeks (Fig. 2 a-d), the healing socket in
the control group was filled with fibrous tissue and
thin bone spicules lined by active osteoblasts and
large osteocytes, while group B showed the healing
socket filled with thin spicules of newly formed
bone, which were lined by voluminous osteoblasts
and contained numerous osteocytes with relatively
wide lacunae. Meanwhile, group C osteoporosis
that received CS/nHA
regenerative features, where the amount of newly

scaffold demonstrated

formed bone was comparable with what was noted

SOkm 898576

Fig. 1: a Scanning electron micrograph of the CS/nHA scaffold showing spherical, interconnected pores, and dense struts (x150). b

Showing higher magnification of nHA particles attached to the surface of the scaffold (red circle) (x1500). ¢ Transmission

electron micrograph of nanohydroxyapatite (nHA) suspension showing that most of the nanoparticles are rod or needle-like

with average particle size ranging from 20 to 50 nm (x2000).
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in group A. Moreover, the sockets exhibited a more
significant amount of immature woven bone near
the scaffold. Numerous active osteoblasts with
plump nuclei lined the bone surface with osteocytes.
However, group D presented with very thin newly
formed bone trabeculae, with irregular outlines,
consisting of numerous osteoclasts with Howship’s
lacunae giving a punched-out appearance compared
with those in group C. We noticed a discontinuity of
the osteoblasts along the alveolar bone border.

At 6 weeks (Fig. 2 e-h), in group A, showing
normal bone healing at this interval with normal
bone trabeculae lined by few active osteoblasts and
some regular osteocytes surrounding normal bone
marrow spaces. In addition to resting and reversal
lines. While group B, bone maturation continues
with the presence of active plump osteoblasts lining
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spaces. In addition, osteocytes were regularly
distributed in its lacunae with rounded nuclei.
Finally, several resting and reversal lines could be
obviously noted. For group C, the bone trabeculae
were thick and regularly distributed with areas of
smooth surfaces and surrounded by bone marrow
spaces with scaffold fragments. Furthermore,
several resting and reversal lines could be obviously
seen. An outstanding fashion of active voluminous
osteoblast cells lined the bone surface. Moreover,
osteocytes were with their prominent nuclei
entrapped within a relatively wide lacuna. On the
contrary, rabbits in group D showed an irregular
bone surface with punched-out margins. Few
osteoblasts were found lining the bone surface
with fewer haphazardly arranged osteocytes with
relatively narrow lacunae when compared with
those in group C. Additionally, several scalloping

the thick bone trabeculae surface and bone marrow  remodeling lines could be observed.

Osteoporosis

Osteoporosis +
Scaffold

-ve Control +ve Control

Fig. (2) Histologic evaluation of the CS/nHA scaffold at 2 and 6 weeks. a Group A (-ve Control) at 2 weeks, revealing: Healing
socket filled with fibrous tissue and thin bone spicules lined by active osteoblasts and osteocytes in large lacunae. b Group
B (+ve Control with CS/nHA scaffold) at 2 weeks, illustrating: Active osteoblast lining the bone trabeculae surface and
bone marrow spaces, in addition to regularly distributed osteocytes in its lacunae with rounded nuclei were seen. ¢ Group
C (osteoporosis with CS/nHA scaffold) at 2 weeks showing remnants of the scaffold (denoted by an asterisk) close to the
newly formed bone with voluminous osteoblasts lining and regular osteocytes. d Group D (osteoporosis without CS/nHA
scaffold) at 2 weeks exhibiting numerous prominent osteoclasts inside Howship’s lacunae with irregular bone trabeculae
with discontinuity of osteoblasts on its surface are seen. e At 6 weeks, Group A (-ve control) showing: Normal bone
trabeculae lined by few active osteoblasts and some regularly arranged osteocytes. Note regular resting and reversal lines. f
At 6 weeks, Group B (+ ve Control with CS/nHA scaffold) shows thick trabecular bone lined by osteoblasts and accentuated
reversal lines. g Group C (osteoporosis with CS/nHA scaffold) at 6 weeks showing bone trabeculae covered by active,
plump crowded osteoblasts with prominent, large nuclei in osteocytes with numerous reversal lines. The bone marrow
space was filled with dissociated fragments of the scaffold (asterisk). h Group D (osteoporosis without CS/nHA scaffold)
at 6 weeks demonstrated irregular, thin punched-out bone surface with several remodeling lines and few osteocytes (black
arrow, osteoblasts; red arrow, osteocytes; yellow arrow, osteoclasts; and blue arrow, reversal line) (All images are stained
with H&E stain; x400).
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Histomorphometric analysis

After histologic examination of the bone healing
histologically, we quantified the newly formed
bone surface area in the healing sockets for the four
groups after 2 and 6 weeks. For both time intervals,
we noted a significant increase in the percentage of
the newly formed bone surface area in groups A,
B and C compared with group D; as well there is
no significant difference between groups A and B.
There is a significant increase in bone surface area
between groups B and C at 2 weeks; However, there
is no significance difference between both groups at
6 weeks (week 2: group A, 7.5 +1.5; group B, 8.4 +
0.9; group C,6.2 + 1; group D,3.5+1.1; P<0.005)
(week 6: group A, 12 = 1.9; group B, 12.9 + 2.4;
group C, 12 £ 2.2; group D, 7.6 + 1.3; P < 0.005)
(Fig. 3)

4 Mean % of bone surface area h
Fkkkk dokokk
1 |
sFkkk sfeskokk
—
ns ns - skkskok
20 [ ] [ 1 3 -ve Control
ns %k kk ns ns El -+ ve Control
2 45 | I Il Osteoporosis+ schaffold
3 [ Osteoporosis
-
S
= 10—
c
3
£ 57
0~
\_ 2" week 6th week J

Fig. (3) A representative graph showing the difference in
the mean percentage of the bone surface area in all
groups. A significant increase in the mean percentage
of the bone surface area in groups B and C compared
with group D was seen at all study periods (2 and 6
weeks), with a significant difference between groups
Band C at 2 weeks; However there is no significant
difference between them at 6 weeks (P < 0.05; denoted
by asterisks).
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Immunohistochemical analysis

We examined the extracted tissue specimens
across groups A, B, C and D using ALP, BMP-2,
and OP immunostaining at 2 and 6 weeks. At 2
weeks, a significant difference in BMP-2 and OP
immunoreaction was found among the groups
(BMP-2: group A, 61.80 + 3.80; group B, 65.87
+ 6.41; group C, 5840 + 4.52; group D, 2791 +
9.20; OP, group A 62.40 + 4.20; group B, 66.32
+ 4.83; group C, 56.89 + 5.79; group D, 29.22 +
3.34; P < 0.0001*). However, the increase in ALP
immunoexpression between group B and group C
was not significant (ALP: group A,60.21 + 4.50;
group B, 63.55 + 6.7; group C, 55.14 + 6.08; P =
0.219107). Significant ALP immunostaining was
noted between groups B and C compared to group D
(ALP: group B, 63.55 £ 6.7; group C, 55.14 + 6.08;
group D, 28.60 = 8.28; P < 0.001%) (Fig. 4 a-m).

At 6 weeks, a generalized decline in all
immunohistochemical reactions of ALP, BMP-2,
and OP was seen among the four groups upon bone
maturation. For ALP, BMP-2 and OP a significant
decrease in the immunoreaction was noted during
this time interval among the four groups (ALP:
group A ,40.76 + 3.40; group B, 44.27 + 4.09; group
C, 50.96 + 6.02; group D, 13.97 + 4.48; BMP-2:
group A, 28.54 +5.10; group B, 33.92 +4.02; group
C, 36.81 £ 2.56; group D, 18.54 + 3.71; OP: group
A, 27.59+ 2.80; group B, 33.78 + 2.54; group C,
30.81 + 2.54; group D, 18.67 + 3.65; P<0.0001%).
No significant difference was noted between groups
A and B for the 3 immunohistochemical markers.
On the contrary, a significant decrease for all
immunostaning was noted in group D compared
with groups A, B and C (Fig. 5 a-m).
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Fig. (4) Immunohistochemical profile of ALP, BMP-2, and OP in 2 weeks. a-d Photomicrographs showing changes in
ALP immunostaining between the three different groups. e-h Photomicrographs showing the difference in BMP-2
immunoexpression among the three groups. i-1 Photomicrographs revealing variation in OP immunosignals among the
three groups. m A representative graph illustrating the 2-week mean area percent for ALP, BMP-2, and OP immunostaining
among groups A, B, C and D showing a significant difference between ALP, BMP-2, and OP among the four groups,
however the difference between groups A, B and C was not significant (P < 0.001* denote by asterisks. All sections are at
x400 magnification.
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Fig. (5) Immunohistochemical profile of ALP, BMP-2, and OP in 6 weeks. a-d Photomicrographs showing changes in
ALP immunostaining between the four different groups. e-h Photomicrographs showing the difference in BMP-2
immunoexpression among the four groups. i-1 Photomicrographs revealing variation in OP immunosignals among the
four groups. m A representative graph illustrating the 6-week mean area percent for ALP, BMP-2, and OP immunostaining
between groups A, B, C and D showing a significant difference between ALP, BMP-2, and OP among group D and the other
three groups. A sustained significant decrease in ALP, BMP-2, and OP immunoexpressions in group D was noted compared
with those in groups A, B and C. (P < 0.001%; denoted by asterisks). All sections are at x400 magnification.
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DISCUSSION

Healing an extracted socket requires bone
regeneration, consisting of a well-organized
sequence of biomonitoring events. It involves the
interaction of bone cells controlled by intracellular
or extracellular signaling pathways. Several
investigations have been conducted to speed up
this process with superior bone quality ?*°l. On
the contrary, bone regeneration is highly influenced
by some metabolic disorders that affect bone
mineralization, such as osteoporosis. Furthermore,
several trials have been conducted to develop
newly designed materials for bone regeneration that
possess the ability to stimulate the newly forming
bone tissues and repair bone defects *!. nHA is one
of these materials that belong to ceramic-based bone
graft alternatives owing to its biocompatibility, and
it is considered one of the main constituents of bone
tissues. Moreover, nHA can mimic the dimensions
of constituent components of calcified tissues such
as bone and teeth *?1. Within that context, we used
CS/nHA composite scaffolds in the extraction
sockets of osteoporotic rabbits and evaluated the

scaffold effect after 2 and 6 weeks.

Hence,H&E staining was performed, followed by
an examination of the tissue sections at two follow-
up intervals, i.e., 2 and 6 weeks postoperatively.
This was conducted to show the status of bone-
forming cells and the distinction between immature
woven bone and mature lamellar bone 2°,

Our histologic results showed that the socket
of osteoporotic rabbits treated with CS/nHA has
more regular and rapid woven bone formation
with numerous active osteoblasts with osteocytes
inside its lacunae, similar to groups A and B. On
the contrary, the socket of group D had an uneven,
resorptive (pitted) surface, and very thin bony
spicules were identified at the surface of a freshly
created bone. In this study, we used CS/nHA scaffold
with a high concentration and uniform distribution
of nHA granules in the CS matrix, which contributed
to the high bioactivity and sufficient mechanical
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strength of the scaffolding material **. Moreover,
to enhance the bioactivity of the material, it is better
to mimic the hybrid composition of the natural
bone and enhance the mechanical strength of the
scaffold. The 3D pore structures of our CS/nHA
scaffold facilitate cell adhesion, differentiation, and
proliferation, which aid in early osteoinduction 3!
Meanwhile, the microporosity (pores < 20 mm)
of our CS/nHA scaffold enhances the surface area
for protein adsorption and offers attachment sites
for osteoblasts to promote bone formation into
scaffolds 4. This may indicate the osteoinductive
capabilities of our CS/nHA scaffold under a light
microscope for osteoporotic rabbits in 2 weeks.

At 6 weeks, the newly formed bone in the
sockets of both groups B and C continues its
maturation. We noted active osteoblasts lining the
bone trabeculae surface and bone marrow spaces
with several resting and reversal lines compared
with the thin and punched-out surface of the bone
trabeculae in the osteoporotic group. Moreover,
several small remnants of the CS/nHA scaffold
were seen in group C enclosed within the newly
formed bone trabeculae, which indicate the slow
biodegradation of the CS/nHA scaffold, as it may
persist until 16 weeks postoperatively !, This slow
biodegradation may be the reason for the activation
of the voluminous osteoblasts arranged on the
bone surface, as seen by Lee et al. ¥, This could
be related to the contents of CS and the diameter
of nHA powder used on our scaffold. This could be
explained by the capability of chitosan to promotes
the cell adhesion and proliferation of osteoblast-
related cells, as well as it can act as an ideal carrier
for bone-promoting substances. This is owing to
its natural polysaccharide structure that is similar
to glycosaminoglycan sulfate (one of the main
components of collagen fibers in the extracellular
matrix (ECM)). This allows CS to provide a
microenvironment for cell proliferation and ECM,
and has the potential to promote bone formation.
The positive charge on CS amino group, allows it
to bind to the cell membrane, thereby providing the
appropriate conditions for cell adhesion .
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We were further interested in studying the ALP,
BMP-2, and OP immune profiles to assess the ef-
fect of the CS/nHA scaffold on the molecular level
to support our histologic findings. During the first
interval, our CS/nHA scaffold increased the level of
ALP immunostaining in group C comparable with
that of the control groups A and B. Meanwhile,
group D extraction sockets revealed significantly
lower ALP, as seen also by Zhao et al. in their study
1361 This is often related to significant osteoblast ad-
hesion with the cell’s filopodia adhering to the nHA
and aiding in higher differentiation levels of osteo-
blasts I, Moreover, when we assessed BMP-2 im-
mune reaction, BMP-2 immunostaining was signifi-
cantly higher in the CS/nHA scaffold osteoporotic
group C than in group D. Thus, the CS/nHA scaf-
fold may be the reason for the high BMP-2 immune
reaction, as it mediates the signaling cascade for the
BMP-2 pathway after 2 weeks ¥, Furthermore, Lai
et al. indicated that integrins interplay with BMP-2
receptors and play an essential role in BMP-2 induc-
tion of osteoblast differentiation from mesenchymal
osteoprogenitor cells [,

During the second interval after 6 weeks
postoperatively, there was a depression in the
expressions of the three bone markers ALP, BMP-2,
and OP. This was explained by the presence of ALP,
BMP-2, and OP served as an early differentiation
marker and effective marker of bone formation,
which was in line with the results of Oliveira et
al. 9. They showed that there is a depression in
the level of bone markers in later stages of bone
healing as the bone is in the maturation stages “°!. In
addition, the slow degradation rate of the CS/nHA
scaffold may help in maintaining the presence of
bone markers. The immune reactivity against OP in
group C showed similar results to the control groups
A and B; however, the osteoporotic group D was less
than the control groups A and B. OP is a component
of the mineralized extracellular matrix crucial for
biomineralization in bone remodeling. In addition
to osteoprogenitor proliferation, matrix maturation
and cell mineralization are two final stages in
osteoblast development “. On the other hand,
there was a significant decrease in bone markers in

(1915)

group D than the other three groups. This was in
accordance with Raje etal who suggested reduced
transcriptional activity of BMP-2 promoter as well
as decreased gene expression in an osteoporotic
condition I,

Based on the results of our histological results
and the analysis of bone regeneration immunohis-
tochemical markers, the CS/nHA scaffold can en-
hance bone regeneration in cases of osteoporosis to
a level similar to normal conditions. However, the
CS/nHA scaffold requires in vivo validation before
it can be used for bone tissue engineering.

Nevertheless, this study has some limitations,
as it needs to increase the study duration (8 and 12
weeks) to examine the rate of nHA absorption; thus,
further research is recommended to be conducted
for that reason. In addition, future research is
suggested to be done to assess the effect of the CS/
nHA scaffold on the stem cells to obtain a detailed
description of its effect on bone healing.

CONCLUSION
We found that CS/nHA scaffolds can act
as osteoconductive material aiding in bone

regeneration. Moreover, upon application, it might
be used to counteract the effect of osteoporosis.
Therefore, it might be helpful for future surgical
procedures during dental implantation in patients
with osteoporosis.

Competing interests

The authors declare they have no conflict of
interest.
Funding

No funding is subjected to the research reported
in this manuscript.
Ethics approval

The study was conducted following the ethical
guidelines for the conduct of research on experimen-
tal animals by the Faculty of Dentistry, Alexandria
University (IRB No. 00010556-I0RG 0008839).



(1916) E.D.J. Vol. 69, No. 3

Informed consent
Not applicable.
Availability of data and materials

All data included in this study are available from
the corresponding author upon request.

Authors’ contributions

HS, HA, and SH equally contributed to the
conceptualization, methodology, validation, data
curation, investigation, resources, writing-original
draft preparation, visualization, and writing-
reviewing and editing of the paper.

RECOMMENDATIONS

According to the results of the present study, we
recommend the following:

1. More studies are needed to detect the effect
CS/mHA scaffold on bone healing at different
intervals

2. Further investigations should be administered to
evaluate other bone healing markers.

3. More studies are required to study the effect CS/
nHA scaffold on healing of critical size alveolar
bone defects.
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