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Abstract

Objectives: To evaluate, In Vivo, the developed porous nanocomposite scaffold from cockle shell nanopowder for
segmental bone defect (SBD) repair. Methods/Statistical Analysis: Complete critical bone defect (2cm) made on the shaft
of radial bone of adult male New Zealand White rabbit. Then implanted with scaffold and assessed for 8 weeks by means of
radiography, grossly and biochemistry. The rabbits were divided into 4 groups: Group A (control), Group B (implanted by
scaffold 5211), Group C (implanted by 5211GTA+Alginate) and Group D (implanted by 5211PLA). Findings: Radiographic
examination showed new trabecular bone formation that signifies the bone healing/regeneration. This occurred in
the defects edge as well as in the middle within one month which involved osteogenesis that moved within the central
region and margins of the scaffold implant. This was attained with negligible tissue responses to a foreign body which
was seen through biochemistry analyses (ALP and Ca+2). Grossly, after 8 weeks post-implantation the quantity of mature
bone increased forming whole bone. The new bone tissue that was produced was successively matured within time as
anticipated with increased mature cortical bone development and regeneration. Application/Improvements: This work
signifies key development in the healing of artificial bone grafts and suggests that the biomaterial of the grafted scaffold
possess significant potential when regeneration of bone is necessary.
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1. Introduction wound through contraction and scar formation. Generally

this means that the organ in question loses most or all
Repair is the standard mammalian response to significant of its functionality. Regeneration on the other hand is
organ injury. It is typically characterized by closure of the characterized by restoration of the normal structure and
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function of the organ'. Usual bone comprises of inorganic
and organic portions being in uninterrupted exchange to
each other for formation of bone and resorbing, i.e. the
procedure of remodeling. The remarkable ability of bone
tissues in repairing itself often fails in situations when a
fracture is found to be either too complicated or a defect
too large to be bridged that often results in a non-union
healing®. Severe fractures (critical bone defects) leading
to non-union of wounded bone and resection of bone
linked with removal of tumor does not healed through
natural healing response of the body, it thus need medical
involvement. The critical bone defects can be covered by
soft tissues but reconstruction of the bone itself may be
difficult. The damage or malfunction of organs and tis-
sues as a result of injury or trauma or aging is a major
cause of concern in the care of human health’.

Investigational work on a critical-size bone part res-
toration using polymer compounds in weight-bearing
settings is restricted. Critical-size bone deformity mod-
els in weight-bearing settings are tough in constructing,
because the size of the deformity needs differs from spe-
cies to species, which makes the investigation habitu-
ally lacking in excellence’. Transplantation is the most
widely used treatment to overcome the deficiencies asso-
ciated with tissue repair. Autografting is transplantation
using healthy tissue harvested from the patient, whereas
allograftingutilizes tissue taken from a separate donor.
Despite the widespread use of transplantation, there are
several shortcomings of this treatment®.

Tissue engineering provides an alternative to trans-
plantation and prosthesis, with the potential to overcome
the limitations of these treatments®. Tissue engineering is
defined as the scientific principles application in the pro-
duction of living tissues through the use of bioreactors,
cells, scaffolds, growth factors, or a combination’. The
scaffold can be implanted single-handedly to prompt host
cell colonization to the wounded position and tissue res-
toration, or it can be seeded with cells and/or growth fac-
tors and serve to control the release and targeting of these
treatments. Bone tissue engineering shows promise as an
alternative to repair critical bone defects. Accordingly,
bone tissue engineering was developed in both scope and
significance in biomedical engineering. It signifies the
linkage of fast growths in cellular and molecular biology
in the way and materials, chemical and mechanical engi-
neering in another way?®.
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Bone tissue engineered constructs ought to eventu-
ally possess two major purposes when implanted in vivo:
1) Give structural support to neo tissue and 2) Promote
osteo induction, which means simplistically, promoting
movement of Mesenchymal stem cells, differentiation
and osteo genesis which leading to formation of new
bone’. Biomaterials can offer a solution to these dif-
ficulties. Different inorganic biomaterials, for example
tricalcium phosphate (TCP), natural coral (NC) and
hydroxyapatite (HA) have been broadly utilized as BMPs
carriers. Bioglasses and metals are encompassed in the
group of inorganic carrier materials. These biomaterials
share the characteristic of being immunologically inac-
tive, osteoconductive, partly or wholly biodegradable and
robust mechanically’. Nanoparticles (NPs) are particles
that have at least one dimension between 1 and 100 nm
in size''. The size gives them unique properties which
inversely proportional to their surface/volume ratio
chemical reactivity'>.

This study used a composite scaffold that is fabri-
cated from the cockle shell-derived CaCO, aragonite
nanoparticles, gelatin, dextran and dextrin as a basis for
tissue engineering. Gelatin has gotten a reasonable con-
sideration over the past few years due to its outstand-
ing biocompatibility, degradation into physiological
end-products and appropriate interaction with macro-
molecules and cells'***. Practically, the cockle shell per-
meable forms are used as bone scaffolds to ascertain an
upgraded bone ingrowth and osseointegration. To be
used efficiently in weight bearing parts, the mechanical
properties of the cockle shell-derived CaCO, aragonite
porous scaffold body have to be enhanced'. In the
setting of bone tissue engineering it is also significant
to note that there are different literature view on the
association between Glutaraldehyde (GTA) crosslinking
and mineralization. In some studies GTA crosslinking
revealed to induce calcification in some in vivo research.
Nevertheless it has been revealed that GTA can also
compromise mineralization in collagen and a glycos-
aminoglycan (GAG) scaffolds'. Furthermore, the pore
arrangement of the scaffold requires to be controlled
in terms of penetrability and size of pore. As a result of
optimizing the desire requirements, coating design of
the porous scaffold was suggested. By coating with plas-
tic polymer layer, the fragility of the porous scaffold is
likely to be overcome'®.
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Numerous polymers such as poly (Llactic) acid
(PLLA), poly (caprolactone) (PCL), alginate, gelatin and
poly-b-hydroxybutyrate have been investigated as poten-
tial coating system for bioceramic scaffolds'®. Normal
polymers can offer inherent patterns for cell adhesion,
growth and stimulate an immune reaction as a result of
their biocompatibility. Similarly, the microstructures
of the normal polymers are very organized and contain
extracellular substance which performance as provisional
extracellular matrix (ECM) for effective bone regenera-
tion. Therefore, natural polymer coating over the ceramic
scaffold is a healthier method for making mechanically
sound scaffold for orthopedic applications®. The choice
of an appropriate animal model is an important factor
taken into consideration. An animal having larger struc-
ture ought to be selected for this experiment for example
rabbit because the size-to-weight proportion, the axial
loading design of the limbs look like those of human
being, a high bone turnover rate as well as for displaying
similarities in bone density and fracture toughness com-
parative to the human bones®'. The aim of this study is
to evaluate the actual tissue biocompatibility of the smart
scaffolds fabricated (unpublished data) with and without
coated framework as bone substitute as well as its poten-
tials in producing an appropriate response in regards to
promoting new bone tissue formations within the time
frame of study.

2. Materials and Methods

2.1 Experimental Animals, Anesthesia and
Postoperative Follow-up

A total of 16 adult male New Zealand White rabbits,
age 8-11 months, and weighing 2-4 Kg were used in this
research. They were separated into 4 groups of 4 animals
each according to the keeping duration of 8 weeks and
labeled as group A, B, C and group D. Group A rabbits
were had a part of their radial bone (2 cm) (mid shaft)
removed by a bone cutter and the critical size defect left
empty without implantation as a control. Group B rabbits
were implanted with non-coated scaffolds (scaffold 5211).
Group C rabbits were implanted with scaffold 5211 with
cross linking and coated with alginate (5211, Alginate).
Group D rabbits were implanted with scaffold 5211 coated
with PLA (5211, ,). All the scaffolds were prepared by the
freeze drying method.
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The study protocol was approved by the Institute
of animal care and use committee (IACUC), Faculty of
Veterinary Medicine, Universiti Putra Malaysia (UPM)
(UPM/IACUC/AUP-R015/2015). They were housed and
maintained at constant temperature and provided with
commercial feed rabbit chow ad libitum and water. An
overnight (12 hours) food and water deprivation period
preceded the surgery. The animals were anesthetized
using the ketamine hydrochloride 35mg/kg B.W I/M and
xylazine hydrochloride 3-5mg/kg B.W I/M and anaes-
thetic maintenance carried out using Halothane and O,.

2.2 The Scaffolds

The scaffolds prepared as described in (unpublished data)
by freeze drying method and coated framework were
used in this experiment. For the in vivo post-implanta-
tion evaluation, scaffolds 5211, 5211 T Alginate and 521 L.
were used. The criteria for selecting particular scaffold
were based on experimental observation of porosity,
mechanical strength, and Young’s modulus and degrada-
tion manner. The novel cockle shell-derived CaCO, ara-
gonite nanocomposite scaffolds were cut into cylindrical
shape corresponding to the size of radial bone defect with
4 mm diameter and 20 mm length (Figure 1). For group
B: the rabbits were implanted by scaffold 5211. Similarly
for group C: the rabbits were implanted by scaffold
5211 and group D: the rabbits were implanted by

GTA+Alginate

scaffold 5211, .

2.3 Surgical Procedure

The surgeries were all performed under aseptic condi-
tions in the small animal surgery room located within
the facilities of the Veterinary Teaching Hospital, UVH,
and UPM. Prior to surgery, the animals were weighed
and checked for general health conditions. Initial seda-
tions and inductions were performed with Isoflurane
via gas mask at a flow rate of 5% at 0.5 lit/min of oxygen
flow rate. The sedation was maintained with Isoflurane at
a flow rate of 1-1.5% in 0.5 lit/min of oxygen flow rate
throughout the entire surgical procedure. Following
onset of sedation, skin was done by shaving the lower
limbs of the animals prior to washing with alcohol and
prepped with providone-iodine solution before being
covered under surgical drapes prior to placing the ani-
mals on a towel to maintain appropriate temperature. The
vital signs of the animals were also monitored throughout
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Figure 1 (A-C). Photographs show scaffolds 5211 (A), 5211
machine, which ready to be used for implantation.

the surgery. Following skin preparation, an approximately
3 cm incision was made in the skin at craniomedial sur-
face over the radial bone on the proximal third of the left
forelimb through the skin and fascia to expose the shift of
the radial bone. A twenty mm critical size defect (CSD)
was manually created on the radial bone using bone cut-
ter. The defect was examined immediately after removal
of the bone chip, while the right limb was left to serve
as a negative control without defect for comparative pur-

Figure 2 (A-F).

GTA+Alginate

(B) and 5211, , (C) after drying in the freeze dryer

poses. The scaffolds were inserted into the defect area in
a gentle press fit manner till it was completely fixed into
the defect without the help of bone plate (Figure 2). The
wound incision was then carefully sutured back with 3-0
(Antibacterial with Irgacare MP**) (Polyglactin 910)
absorbable surgical sutures (Undyed Braided) (Coated
VICRYL*Plus-ETHICON*) using simple continuous
suturing method. Surgical bandages were then draped
around the limb in order to maintain the hygiene of the

Photographs show the surgical procedure of creating a defect in radial bone (yellow arrow) and scaffold

implantation into the defect area in a rabbit model. Note that the defect is well fixed with the sterilized 3D scaffolds (red

arrow).
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surgical site post-surgery. The animals were then sent
for radiographic imaging prior to recovery. Radiographs
were taken at day 1, weeK’s 4 and 8 post-implantation to
examine the formation of new bone tissue. The rabbits
were euthanized on week8 post-implantation by giving
an overdose of the sodium pentobarbital (Dolethallmg/
kg intravenously I/V; 1ml=182mg pentobarbital). The
bone samples were then collected for gross examination.

2.4 Post-Operative Care

Post-operative care involved close monitoring of the ani-
mals for any signs of possible complications such as sur-
gical wound infections or tears. The animals were given
subcutaneous injections of postoperative prophylactic
antibiotics Baytril (5% w/v 1 ml/10 kg B.W) and postop-
erative analgesic Tramadol hydrochloride (5mg/kg B.W)
for 3 consecutive days. The animals were also allowed
full weight bearing activity as well as access to water and
rabbit chow ad libitum. At day 3, the surgical bandage
was removed and the surgical wounds were periodically
checked for healing and signs of inflammation.

2.5 Post-Implantation Evaluation

2.5.1 Radiographic Examination

Post-operative radiographs were taken during the
anesthesia in antero-posterior and lateral views of the
radial bone immediately after the surgery, 4 and 8weeks
post-implantation using a Shimadzu mobile X-ray
machine and Carastream Direct View Vita CR for image
processing. Radiological incorporation, possible resorp-
tion of host bone and growth of new bone were assessed
round the implant and at the bone-implant intersections.
The evaluation of the union margin between the new
bone tissue formation and the host tissue by radiographic
examination was distinguishable, the bridging callus and
state of scaffold well-being were examined and recorded.

2.5.2 Serum Biochemistry

Blood serum were collected from the ear vein into plain
vacutainer tubes for serum biochemical assays. Alkaline
phosphatase (ALP) and calcium (Ca*?) levels were mea-
sured in the serum pre-implantation, at week 1, 2, 3, 4
and 8 post-implantation for non-implantation rabbits
(control) and implantation rabbits (treated groups) as
osteoblastic expression of the cells and markers further
explain the capability of the synthetic bone in achieving
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regeneration of bone in vivo. The activities of alkaline
phosphatase and Ca** were assessed using a 902 Hitachi
automated clinical chemistry analyzer.

2.5.3 Clinical Observations and Gross
Examination

The rabbits used were able to tolerate the surgical pro-
cesses very well, no single animal was lost at the surgical
process. The animals were euthanized in accordance to
the research protocol and the guidelines provided by the
central animal laboratory. All animals recuperated and
their limbs function normally and the animals were mov-
ing normally in few days after the surgery. The animal
remain in a good condition during the study (no infec-
tions, good appetite, active, etc.), as they were examined
every day. Mortality was not recorded throughout the
experiment. Following euthanasia at week 8 post-implan-
tation, the radial bones of both limbs of the animals were
harvested. The bones were cleaned by removing the sur-
rounding soft tissues and the scaffold implanted sites
were grossly examined prior to be viewed. The bones
were then viewed under Nikon SMZ 1500/Japan stereo-
microscope to illustrate any changes in bone formation
in different stages during this short period of bone being,
and through the complete healing when compared with
normal radial bone.

2.6 Statistical Analysis

First of all, the quantifiable outcomes were evaluated
using Explore for normality of data then one-way anal-
ysis of variance (ANOVA) and Kruskal-wallis test. The
results were shown as mean =+ standard error (SE). Post
hoc test were calculated for significant values (p<0.05)
using Tukey’s multiple comparison test. All descriptive
and inferential statistical analyses was conducted using
Excel version 2013, SPSS version 21.0, 22.0 and 23.0.

3. Results

3.1 Radiographic Examination

Bone absorbs the X-Ray beam according to the amount
of calcium available in that particular bone. Accordingly,
there was a range of greyscale in the X-Ray image. This
range of greyscale was used to specify the status of the
bone. The radiographic images of the defects taken after
surgery for all the groups revealed that images obtained
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immediately post-surgery showed a clear radiolucent the broad formation of bone was seen over the defect
defect with low radiodensity at the defect sites on all implanted with scaffold 5211, , . which occupied
groups on the left limbs of the animals. The implanted the deform space (Figure 4B). Postoperatively, all animals
scaffolds were also visible within the defined edges of move freely and were weights bearing on the operated
the defect site at close examination. Radiological images limb. The radiographic examination showed that signifi-
demonstrate very well the bone developing phenomena cant new bone has form at 8 weeks post-implantation and
around the implant, a robust new bone callus shielded the implanted scaffolds boundaries was smooth and the
the implant’s sides as was established by histological study scaffold borders were indistinct. The callus formation was
(accepted data for publication). seen during this period over the both proximal, middle

and distal radial-scaffold junction. The implant scaffold
became more radio opaque indicating the new bone for-
mation was progressing (Figure 4C). The implant borders

Group B: The defect was clearly seen with well-defined
edges and the implant material was also clearly seen in

the early postoperative phase (day 1 post-implantation) were well defined indicating the remodeling process was
(Figure 3A). At 4 weeks post-implantation, radiographic in progress, although the complete formation of new bone
examination revealed new bone formation at proximal was seen at each ends of the defect at 8 weeks, the radio
and distal part of the defect site as indicated by the radio density of the implanted scaffolds has further increased.
opaque implant scaffold. However, the entire implant The critical defect area was almost completely repaired
became radio opaque at 4 but at 8 weeks post-implanta- during this time.
tion, new bone was not wholly constructed as indicated
by the radiolucent area within the defect, left the radial Group D: The implanted scaffolds were clearly seen in
bone nonunion (Figure 3B). plain radiograph of rabbit’s radial bone in the early post-
operative phase (day 1 post-implantation) (Figure 5A).
Group C: The similar result was found in the early The defect was clearly seen with well-defined edges and
postoperative phase (day 1 post-implantation). The the implant material was also clearly seen at 2 weeks post-
defect was clearly seen with well-defined edges and the implantation (Figure 5B). At 4 weeks post-implantation,
implant material was also clearly seen at 2 weeks post- radiographic investigation showed formation of new
implantation (Figure 4A). Four weeks after implantation, bone at proximal part of the defect site and directed to

.

(A) (B)
Figure 3 (A&B). Radiographs of the radial bone defect post-implantation for group B at day 1 post-implantation (A)
reveals the well-defined edges and the implant material is clearly seen (yellow circle and red arrow) and after 8 weeks post-
implantation (B) show the small radio opaque area at the implant site and indistinct border of the radial bone due to new
bone formation. Note that the new bone was not completely constructed as indicated by the radiolucent within the defect
(yellow circle and red arrows).
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Figure 4 (A-C). Radiographs of the radial bone defect post-implantation of group C, (A) after 2 weeks, the implant material
was clearly seen, (B) after 4 weeks, the very small radio opaque area was seen over the defect implanted, (C) after 8 weeks
post-implantation shows the very extensive bone formation radio opaque area at the implant site and indistinct border of the
radial bone due to new bone formation.

Figure 5 (A-D). Radiographs of the radial bone defect post-implantation of group D, (A) after 1* day post-implantation,
(B) after 2™ week the implant material was clearly seen, (C) after 4™ week and (D) after 8" week post-implantation show the
very extensive bone formation radio opaque area at the implant site and indistinct border of the radial bone due to new bone
formation.

distal part as indicated by the radio opaque implant scaf- the new bone was not entirely constructed as indicated by
fold (Figure 5C). However, the entire implant became the radiolucent area within the defect, left the radial bone
radio opaque at 4 weeks but at 8 weeks post-implantation, nonunion (Figure 5D).
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Figure 6 (A & B). Radiographs of the radial bone defect of group A (Control group) (A) after 1* day post-surgery (yellow
circle), (B) after 8™ week show the very small radio opaque area at the defect site (yellow circle and red arrow). Note that the
new bone was not completely constructed as indicated by the radiolucent within the defect.

In the defects for Group A (control group)
(Figure 6A), a very small area at the defect site was seen
radio opaque at 8 weeks post-implantation, and the two
end of the radial bone were distinct clearly (Figure 6B).
However, the new bone was not completely constructed
as indicated by the radiolucent area within the defect, left
the radial bone nonunion.

3.2 Serum Biochemistry

3.2.1 Alkaline Phosphatase Activity (ALP)
Analysis

ALP activity was measured as an indicator of osteoblas-
tic activity. Variations in the entire ALP level according
to the bone repair procedure were alike to normal bone
fractures healing. In normal conditions of the bone
repair, total ALP concentration rise to the peak level at 3
weeks post-surgery and then progressively declined*. The
results in this study revealed that the total ALP changes
have almost the similar pattern as compared to normal
fracture healing; however the extent of alteration was
considerably different between group A, B, C and D. In
general, group A revealed a significant rise in the total
ALP value as compared to the group B, C and D from
1 to 8 weeks post-implantation (Figure 7). Nevertheless,
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the range of changes was significantly higher (P<0.05) for
group A (control) as compared to other groups within
pre-implantation (zero day) and post-implantation. For
treated groups, the total ALP was decreased after 3 weeks
but maintained lower than the group a (control group)
until the week 8 post-implantation. In both groups B and
D, the total ALP concentration increased 1* week post-
implantation to reaching a peak at 3 weeks post-implan-
tation and then progressively declined, and the amount
of change in the ALP concentration was clearer in group
A. The concentration of ALP in both groups has not
reverted to the early level at 8 weeks post-implantation,
even though the value has decreased from the highest
level. The increase in the ALP concentration as equated
to the preoperative values were noted from 1 to 8 weeks
post-implantation; after the maximum (at week 3 post-
implantation), the value declined. The fluctuating pattern
of ALP in group B, C and D are almost similar. In control
animals, the ALP activity remained high.

However a gradual increase in ALP levels were
observed in the nanocomposite scaffold implanted groups
from 45 IU/L prior to surgery to a maximum value of 55
IU/L at week 3 before gradually decreasing. The ALP
levels of the control scaffold group however showed a
slight increase in ALP levels at week 1 followed by a slight
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Figure 7. 'The graph shows the value of total alkaline phosphatase (ALP) in fourth groups at different time intervals post-
implantation. *ZG Significant difference was observed between groups and as compared to zero day at p<0.05.

decrease in the values by week 4 which was then followed
by a gradual increase in the values by week 8 (Figure 7).

3.2.2 Calcium Analysis

The calcium (Ca**) was measured as a sign to the miner-
alization of bone tissue formation. The value of the serum
calcium declined considerably and lingered low for a two

weeks in both groups B, C and D, and then improved to
usual level or over at the end of the post-implantation
period (Figure 8). However, the range of calcium value
change was significantly difference at (P<0.05) between
groups. The changes of the calcium value in implanted
groups indicating the progression of bone formation. The
increases in calcium concentration equated to the preop-

B Group A (control)

Calcium level (mMol/L)

H Group B

0 Days First Weeks Second Weeks Third Weeks Fourth Weeks Eigth Weeks

= Group C

HGroup D
rel %G *G

Figure 8. 'The graph shows the value of calcium (Ca*?) in fourth groups at time intervals post-implantation. *ZG Significant
difference was observed between groups and as compared to zero day at p<0.05.
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erative values were taken into consideration from 1 to 8
weeks after implantation with the high peak was at 8 week
post-implantation.

Obvious changes in calcium levels were observed in
the nanocomposite scaffold and the control groups. The
range of calcium levels in the nanocomposite scaffold
implanted groups 3-3.58 IU/L, while the control group
2.61-3.33 IU/L during experimental period (8 weeks).

3.3 Gross Examination

The results revealed that all the rabbits survived from
surgery intervention, and sign of inflammation was not
seen or adverse tissue response was detected around the
implants. Grossly it was revealed that the radial bone
defects in all groups implanted with scaffolds were healed
with different levels. Gross examination of group B rab-
bits (implanted with scaffold 5211), the clinical union was
observed that the rabbits exhibit painless mobility over
the proximal and distal radial-scaffold junction and the
new bone formation was not completed left the radial
bone nonunion (Figure 9B). Gross examination of group
C rabbits (implanted with 5211_, Algim\te), revealed that
the clinical union was noticed in all the rabbits without
pain in mobility over the distal and proximal radial-
scaffold junction. The complete new bone formation was
observed filling the defect area and the new bone tissue

bridging the defect of the radial bone was hard and the
margin was distinguishable at 8 weeks post-implantation
(Figure 9C,10 (A-D)). Gross examination of group D
rabbits (implanted with scaffold 5211, ,), showed simi-
lar observation as in group B but the clinical union was
observed that the rabbits exhibit painless mobility over
the distal radial-scaffold junction and the new bone for-
mation was not completed left the radial bone nonunion
(Figure 9D). Comparatively majority of the empty defects
that were not implanted with scaffolds (control group
(A)), the nonunion was observed in all the rabbits with
pain mobility over the junction of radial-scaffold implant
(Figure 9A). Some degree of closure of the defect site
though this sites felt soft when palpated and only par-
tial repair was observed in the radial bone defect with a
thin bone formation. The empty defect sites without an
implant however showed the presence of a shiny white
semi-transparent tissues filling up the defect site that
looked radiolucent when held up against a light source
that clearly defined the defect margins upon decalcifica-
tion process.

4. Discussion

Due to clinical needs and the significant of large allografts
in large segmental and weight-bearing bone deformity,

Figure 9 (A-D). Gross photographs of the radial bone of group A (control group) (A), group B (B) implanted with scaffold

5211, group C (C) implanted with scaffold 5211

GTA+Alginate
implantation show the new bone formation.
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and group D (D) implanted with scaffold 5211, , after 8weeks post-
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Figure 10 (A-D). Gross photographs of the radial bone of group C implanted with scaffold 5211

after 8weeks

GTA+Alginate

post-implantation show the new bone formation filled the part of the defect area of the radial bone (A) (yellow circle and red
arrow) lateral view, stereomicroscope photograph of the radial bone (B) (lateral view) shows the new bone formation filled
the part of the defect area of the radial bone (pink arrow) but without remodeling (blue and red arrows), ulna bone (yellow

arrow).

this study was initiated. The challenges with the usage of
large allografts are well recognized, as are the long-term
problems of metal prostheses used in salvaging limb sur-
gery”.

In this study, novel nanocomposite scaffolds were
produce for the purpose of bone replacement. Pores were
produced into and onto the scaffolds surface using freeze
drying technique and controlled using copolymer coat-
ing; this was done in effort to increase incorporation of
bone and mechanical interconnection. The properties of
the scaffolds were tailored though considering the weak-
ening consequence of the perviousness to the scaffolds
structure and biomechanically verified to meet up with
the properties of the bone. This study examined the bio-
logical reactions to new nanocomposite scaffolds in vitro
(unpublished data) and in vivo settings. The current study
gives an insight on the actual tissue response towards the
developed nanocomposite scaffolds when used as a bone
implant material. The primary aim of the in vivo study was
to evaluate tissue biocompatibility as an extended obser-
vation in order to support excellent cell biocompatibility
as proven through in vitro evaluation conducted earlier
(unpublished data). Alternatively, the ability of the devel-
oped nanocomposite scaffolds to promote the healing of
the bone defect and the quality of its healing is a crucial
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factor taken into consideration in this part of the study.
This is mainly due to the fact that the scaffolds developed
and used in the current study are neither incorporated
with any form of growth promoting factor nor seeded
with stem cells or bone marrow aspirates as traditionally
done with the newer generation of bone scaffolds.
Experiments using animal model is very vital to
develop new medical device or scaffold that can be used
in human. Animal model that is excellent could exhibit
the disadvantages of a procedure or scaffolds and reduce
the dangers before proceeding to testing in human, none-
theless animal test outcome (durability, biocompatibility,
or biomechanical strength) cannot be straight applied
to human being. Selecting an appropriate animal model
for a bone segment defect is difficult'. Rabbits possess
greater speed/acceleration when moving (running or
jumping), which lead to greater biomechanical pressure
(bending/shearing) on their limbs, providing information
about the exhaustion resistance/robustness of the mate-
rial?*. Within six months, rabbit matures and their main-
tenance is easy, and they can be accommodated very well
in a single house. These realities made rabbits an excellent
model for a segment defect model. Other studies have
shown that animal model recommends the use of adult
rabbits; this is to avoid epiphyseal slipping®. This study
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choose only male rabbits to avoid hormonal fluctuation
that can result to effect on bone healing and also for sex
standardization. As a result of these 8-11 months old rab-
bits were used in this work.

This study used the radius because is easily reachable;
no fixation is required due to support from the ulna, and
also short period of fracture restoration in rabbit model.
Cross-sectional structure of the radial bone in a rabbit’s
body is rounded trigonal. The cortexes are somewhat
thin nonetheless strong, not easily breakable and have
a large medullary cavity*. Critical size bone deformity
(CSD) usually doesn’t heal when abandon unattended to,
therefore we utilize this size of defect to show that new
developed scaffolds could be utilize in treating large bone
defect. It is well established that the dimension of the CSD
in long bone is double the bone width, and bone defects
of 20 millimeters were used in this study.

Newly developed bone scaffolds such as the one in the
current study and those reported by*#
often tested for their initial biological performance with-
out a comparative scaffold. This is likely due to the high
cost of an autologous graft as well as the lack of an estab-
lished commercial bone grafting material that could be
used as a standard or as a positive control for the research
design.

During the experimental period, all animals remained
in good health and showed no signs of wound or surgi-
cal complications. The redial bone defects were periodi-
cally evaluated through radiographic imaging in which a
satisfactory healing were noted by week 8 post-implan-
tation that was eventually determined as the end point
of the experimental duration. The consequent radio-
graphs taken at day 1 and week 4 and 8 after implanta-
tion revealed the smooth unambiguous unification signal.
Hence we conclude that the 8" week group would be
appropriate and suitable in giving better outcome of this
new scaffold which is produced for bone repairing pro-
cess substitute. Complete radial bone union and healing
duration in large defect of 20 millimeters was apparent at
8 week after implantation.

Outcomes of the new bone formation of the radial
bone implant using radiograph presented at the center
and margin of the defect implanted with non-seeded
5211, 5211, Alginate and 5211, , scaffolds was diffuse at
the center and margin region of the implanted scaffold
demonstrating the osteogenesis. The freshly fashioned
bone image in the defect implanted with non-seeded
5211 scaffold was detectable entirely linking the

GTA+Alginate

and others are
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radial bone defect, and the bone formation was quicker
than the preceding studies for the tissue engineering of
bone repair®. These observations were also noted in ani-
mals in the control scaffold group with varying degree
of healing. A majority of the radiographic images of the
empty defect in the left limb of the animals showed com-
plete closure of the defect site of those of the animals
that implanted with 5211_, Alginate” The outcomes of this
research revealed that the stability, bioactivity and osteo-
conductivity of the scaffolds are present in radial bone
defect in repairs.

As noted in the radiographic images, the gross
specimens obtained post euthanasia also showed com-
plete closure of the defect in the empty defect site. The
nanocomposite 52115, . scaffold implanted defect
however, showed good correlation to the radiographic
images in terms of new bone tissue formation which were
found to be healing from the defect center as a clear sign
of remodeling at the interface of the bone and scaffold
towards the margins. However, The nanocomposite 5211
and 5211, , scaffolds implanted defect showed good cor-
relation to the radiographic images in terms of new bone
tissue formation which were found to be healing from the
defect margins as a clear sign of remodeling at the inter-
face of the bone and scaffold towards the center cavity
and was not found to have completely closed at the center
cavity in animals implanted by 5211 scaffold and at the
center cavity toward the distal part in animals implanted
by 5211, , scaffold.

Evaluation of ALP and Ca* were carried out from
sample of blood taken during the experiment in this
study. It appears that the concentration of ALP in entire
scaffolds of group B, C and D revealed that the secretion
of ALP arises from osteoblast cells that are active. ALP is
an enzyme membrane of osteoblasts and its action rises
gradually as the osteoblast differentiation and maturation
advance”. Studies have revealed that when osteoblast
cells were implanted, the appearance of ALP activity was
seen after 2 weeks and Ca** was noticed after 3 weeks'>'¢.
Elevation of serum ALP could be as a result of speedy
growth of bones, as it is produced from bone forming
cells known as osteoblasts. The ALP level of groups B, C
and D throughout 4-8 weeks after implantation was sus-
tained low in comparison ALP level in group A (control
group). High concentration of Ca*™ elicits osteoblasts
to secrete ALP, which rises PO™ ions concentration the
locally. High PO concentration excites additional rise
in Ca' concentration where mineralization started.
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Osteoblasts discharge small matrix vesicles contain ALP
and pyrophosphatase that cleave PO™ ions from other
molecules of the matrix at the period of high extracel-
lular Ca** and PO™ concentration®. Assessment of ALP
also revealed a high osteogenic capacity from a week after
implantation. At weeks 4 and 8 after implantation the
results showed that freeze dryer non-coated, coated and
non-seeded scaffolds were capable of promoting osteo-
blastic actions, therefore the success of early formation
of bone should assist the speedy bone deformity repair,
thus permitting fast healing which allows daily activi-
ties*. This experiment revealed that there was significant
difference (P<0.05) between treated groups and group A
(control group). This revealed that the scaffold of group C
and D is better than those in group B, since ALP concen-
tration was typically higher in group A.

The concentration of Ca*? could be mobilized to enter
an adjacent capillary or it can be taken from the blood to
deposit in the new bone matrix as required. Accumulation
of Ca* by matrix vesicles (MV) was formed through
osteoblasts that rise in connection with regeneration
level of bone. Local isoelectric point to increase is due to
matrix vesicles that accumulate Ca*? and cleave PO ions
which lead to crystallization of CaPO, in the adjoining
matrix vesicles. Hence, the CaPO4 crystals start matrix
mineralization through development and deposition of
[Cal0(PO4)6(OH)2] (hydroxyapatite) crystals in the
matrix surrounding the osteoblasts that was displaying
during bone formation period at the level of Ca** eleva-
tion'>'c.

Gross examinations conducted visually as well as
through the stereomicroscope however showed a healthy
appearance of the redial bone as well as a properly heal-
ing wound without signs of degeneration, osteolysis or
inflammation. The absence of inflammation or signs
of unwanted tissue reactions allows the classification
of a developed scaffolds nanocomposite material as an
appropriate bone substitution material that facilitates cell
attachment and growth™.

From the in vivo evaluation it was observed that the
use of the developed nanocomposite scaffold proved to
provide a better guided growth for the cells in reconstruct-
ing a proper functional tissue in a three dimensional pat-
tern. Comparing the developed nanocomposite scaffold
to some literature findings, a positive outcome could be
deduced. A study by* on comparative performance of
three ceramic bone graft substitutes that are commer-
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cially available on similar kind of osseous injury defect
showed neither of the bone graft substitutes performed
well although claimed to be osteoconductive in nature
between the study duration of 6 to 12 weeks. The author
attributed the poor performance of the grafts to various
possible factors including lack of persistent osteoconduc-
tiveness, destabilization of bone tissues due to early stage
scaffold disintegration as well as elevated levels of inflam-
matory reaction towards the degrading grafting materials.
Findings from this literature showed that the importance
of the degrading behavior of a material in determining the
ultimate healing outcome and inflammatory response in
which a controlled rate of degradation positively impacts
the advancement of repair.

Issues of safety are very vital with biomaterials and
medical devices. The entire new materials and material
combinations is very essential to be cautiously certified
as regard biocompatibility and risk analysis associated to
the materials has done before continuing with the clinical
investigation of the materials.

Similarly, a sufficient structural property and stabil-
ity as well as material composition are another crucial
factor that determines the osteoconductive behavior of
the grafting materials. The developed nanocomposite
scaffold was found to display these favorable character-
istics with a degrading behavior that was found to be in
parallel to tissue formation as well as lack of any form of
adverse inflammatory reaction by the host tissues towards
the degrading materials. The excellent osteoconductive
nature of the nanocomposite scaffolds discussed earlier in
regards to recruitment of osteoblast cells and vasculariza-
tion further proves that a stable osteoconductive material
has potentials in supporting faster rate of new blood ves-
sel formation and a more rapid rate of bone maturation
as suggested and discussed by the author earlier as well
(accepted data for publication).

The cockle shell-derived CaCO, aragonite nanocom-
posite porous 3D scaffolds proved to be versatile and
effortlessly adjusted to meet the diverse biomechanical
necessities of medical implants. Scaffolds as an implant
are sufficient to withstanding the cycling loading by
the patient or host animal. Also the present outcomes
revealed that at 8 weeks after implantation, the deformed
site was entirely joined through the new bone. Therefore,
the novel cockle shell-derived CaCO, aragonite nano-
composite non seeded 5211 scaffold developed

GTA+Alginate
in this study are better for bone repair.
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5. Conclusion

The excellent biocompatibility and osteoconductive
potentials exhibited by the developed nanocomposite
scaffold is an important factor that facilitates the higher
degree of bone formation and remodeling giving rise to
a better quality of bone formation. The in vivo response
observed through this study possibly points to the impor-
tance of the chemical composition, structural design and
coated framework of the developed scaffold in promot-
ing good osteointegration of the scaffold material with
the host tissues giving rise to a potentially workable bone
scaffold material. The study also further emphasizes the
potential use of natural biomaterials that are abundantly
available in a relatively cost effective way that could be
utilized for the possible development of excellent tissue
engineered materials. Though it is impossible to mimic
nature’s creation, the abundance of these biomaterials
available together with the ever advancing field of scien-
tific research opens up wider avenues for the creation of
materials that could closely resemble the actual biologi-
cal system. The currently developed nanocomposite scaf-
fold is one such construct with promising potentials of
the third generation based grafting material in the field of
bone tissue engineering.
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