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ARTICLE INFO ABSTRACT

Article History: In the present study, in vivo properties of poly (D/L) lactide (PDLLA)/polycaprolactone (PCL)/bioactive
glass nanocomposites (PPB) and PDLLA/PCL blends (PP) were investigated up to six months. The in vivo
results from the implants inserted on canine models indicated that the weight losses of PPB and PP were
approximately 60 and 70%, respectively. In addition, the average molecular weight of both specimens
decreased as a function of grafting times; however, such decrease in trend of blends was more considerable
than that in nanocomposites. Moreover, the obtained histological images of the animal model up to six

months of implantation distinguished the formation of the new bone within the implanted area, while no
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Keywords: osteitis and osteomyelitis or structural abnormality were observed. Overall, the animal in vivo tests results
of implants within a period of 180 days confirmed the good biocompatibility among them and appropriate
PDLLA/PCL degradation behavior of PPB, hence a proper candidate for Anterior Cruciate Ligament Reconstruction

Bioactive Glass Nanoparticles (ACLR) screws.

6 Months Follow Up
Canine Animal Model
Bioscrews
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1. INTRODUCTION the most popular implants among all orthopaedics

implants used in fixation and reconstruction of damaged

The stability of knee joint is ensured by four extremely
strong ligaments: Anterior Cruciate Ligament (ACL) and
Posterior Cruciate Ligament (PCL) prevent the tibia from
slipping in sagittal planes; Medial Collateral Ligament
(MCL) and Lateral Collateral Ligament (LCL) prevent
the knee from bending in coronalplan [1]. Anterior
Cruciate Ligament Reconstruction (ACLR) screws are

bones.

Currently, metallic screws are the most commonly
used ligament graft fixation devices in ACLR. To
eliminate some of the potential problems related to
metallic ACL screws, the biodegradable ones were
generated [2,3]. The biodegradable screws can be
resorbed in body during the determined time after
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implantation, and degradation products disappear
through metabolic routes [4]. As previously reported, the
mechanical properties of PDLLA/PCL blends including
tensile strength, tensile modulus, flexural strength, and
flexural modulus [5] as well as creep and creep recovery
[6] were enhanced by incorporating sol-gel-derived
bioactive glass nanoparticles (BGn) into the matrix. This
incorporation functions as a bone on growth agent and
provides a reservoir of calcium and phosphate ions, thus
accelerating the new bone formation and preventing
voids after screw removal [7]. Moreover, adjacent bone
can interact with screw and attach to the bioactive fillers
of bioscrews while the polymeric matrix is
simultaneously degraded [8].

With regard to biodegradable ACL screws, tailoring of
degradation manner gains significance; therefore, there
should be a harmonic trend between the mechanical
properties of loosening that results fromdegradation of
screw constructs and ligament healing process [9]. In
vitro and preclinical animal in vivo studies have been
extensively used to investigate the biocompatibility and
degradation behaviors of biodegradable implants
[10-12].

In preclinical in vivo tests, the animal model was
selected based on the properties under study such as
biocompatibility and biodegradation or biomechanical
characterestics. The obtained results of in vivo tests were
typically a combination of clinical examination, imaging
(radiological, MRI, CT), macroscopic, histological
evaluation, biomechanical, and physicalproperties (e.g.,
mass loss) [13-15].

A number of researchers have conducted in vivo
assessments of biodegradable polymeric materials and
polymeric-based composites [16,17]. For instance, the
three-month ~ follow-up for in vivo tests of
PLA/hydroxyapatite (PLA/HA) and PLA grafts revealed
that the PLA/HA nanocomposites were characterized by
good biocompatibility and promising potential
applications for bone implants [18].

The present research aimed to carry out in vivo studies
including mass loss, molecular weight variations, and
histopathological analysisfor the PDLLA/PCL/BGn as
the nanocomposite and PDLLA/PCL as the control
groups. In addition, afforts have been made to develop
PDLLA/PCL/BGn nanocomposite using solvent casting
followed by a hot pressing step. The osteoinductive
potential of the nanocomposites was investigated in a
preliminary in vivo study in a canine tibia bone. It was
hypothesized that the bioactive glass nanoparticles could
enhance the bioactivity and biocompatibility of
PDLLA/PCL throughout in vivo assessments. To the best
of our knowledge, no or at least very few studies have
been reported on the animal in vivo studies of
PDLLA/PCL/BGn triple nanocomposites for any bio
implants applications.

2. MATERIALS AND METHODS

2.1. Specimens Preparation

The preparation details of PDLLA/PCL as the control
(PP) and PDLLA/PCL/BGn as the nanocomposite (PPB)
samples have been fully described in the previous paper
[5]. Briefly, the control samples were produced by
introduction of the PCL phase into the PDLLA matrix
phase in a portion of 20:80 dissolving in chloroform
solvent. The nanocomposite samples were also prepared
by adding three wt% BGn into PDLLA/PCL bipolymeric
solution. After homogenization by stirring, the mixtures
were cast and dried at 50 °C and 80 °C in the oven and
vacuum oven, respectively, to remove the solvent.
Finally, the dried samples were poured into the molds and
then, were compressed under 30 MPa at 180 °C followed
by water-cooling to room temperature. Meanwhile, all
nanocomposites were pressed under heating for less than
three minutes.

2.2.In Vivo Animal Model

The animal model tests were conducted in the canine
model. The control and nanocomposite samples were
sterilized using gamma-ray with 25 K Gray energy for 10
hours. General anesthesia was given by an intramuscular
injection of 0.1 mg/kg atropine and local anesthesia by
6-12 mg/kg of Zoletil. Local anesthesia was performed
by an injection of lidocaine/epinephrine. The defects with
the size of seven mm in diameter and three mm in depth
were created with a trephine bur between methaphysis
and diaphysis of tibia on canine. Bone defects were filled
by PDLLA/PCL and PDLLA/PCL/BGn specimens, and
an empty defect was used as a control (Figure 1). Samples
(n=3) were harvested after each month up to six months.
At each harvest time point, scalpel blade No.9 was
used_to collect the specimens that were immediately
placed in 10% formalin.

2.3. Pathologic Procedure

After decalcification of the samples, the implanted
samples were excised using scalpel blade No.9, and the
prepared section of samples of 5-6 um in diameters was
stained by Hematoxylin and Eosin (H&E) staining
procedure. Sections were then examined for evidence of
biocompatibility and bone regeneration under a light
microscope.

2.4. Degradation Assessments

After biopsy, the supernumerary tissue was removed
from implanted samples, and the samples were soaked in
2.5 g/l collagenase-ir and 2 g/l tryptase solutions for one
hour, respectively. Then, the samples were rinsed by
distilled water and dried in the air for 24 hours.
The animal in vivo degradation of samples at different
intervals was identified by measuring the weight and
molecular weight variations. The in vivo weight loss
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Figure 1. The surgery procedure and implantation site of PPB
nanocomposites and PP blends implants into canine tibia bone

variations were estimated through the following
equation:

Wi-Wj

Wt%z T} x 100 (1)

where W; is the initial dry weight of the sample and W is
the dry weight of the sample at studying time periods.
Values are expressed as the average of three replicates.
The molecular weights of the samples before and after
implantation were obtianed using Size Exclusion
Chromatography (SEC) supplemented by alltima
columns. In this chromatography, tetrahydrofuran with a
rate of 1 mL/min was used as the refractory coefficient
detector. For each sample, 30 uL of tetrahydrofuran
solution was used, and standard polystyrene was chosen
for calibration.

3. RESULTS AND DISCUSSIONS

3.1. Degradation Behaviors

Figure 2a shows the weight loss variations of the
implants for different time periods of implantation in the
canine model. Both implants show a sharp trend at the

early stage up to 30 days; then, the trend continues with
a relative constant slop up to six month.

Due to the prescence of dynamic circumstance as well
as sever activities of macrophages cells and immune cells
through animal models, it is expected that the weight loss
percentages during in vivo studies bemore than that in the
simulated body solutions. Figure 2b shows the weight
variations for PP and PPB specimens in Simulated Body
Fluid (SBF) and Phosphated Buffered Sulin (PBS) during
180 days of immersion (equal to 4320 hours).

The results indicated that the weight variations for PP
and PPB specimens in PBS biological solutions were
greater than those in the SBF solutions during immersion
time. In addition, the findings had 64% and 55 % weight
losses for PP and PPB, respectively, at the end of
immersion times. At the end of six-month follow-up of
in vivo assessments, the weight loss values range from
70% to 75% for PP and 60% to 65% for PBB. Obviously,
the remaining mass of PP and PPB implants was higher
throughout the in vitro studies than that in the in vivo
assay.
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Figure 2. (a) Weight loss variations of PP and PPB for different
time periods of implantation in canine model study, (b)
Exhibitions of weight loss variations for PP and PPB specimens
in SBF and PBS solutions during immersion times up to 6
months
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It can be anticipated that the rate of weight loss would
increase after six months since with the formation of
some early prosities throughout the implants bulk, the
exposure of the implants to the body fluid would
significantly increase, thus leading to fast degradations.

The lower degradation rate of PPB compared to that of
PP implants may be related to the presence of BGn and
their  appropriate  distribution  throughout  the
PDLLA/PCL matrix [5]. It is hypothesized that the
bioactive glass can be significantly grafted to the bone
tunnel due to its similarity to natural bone in terms of
composition. Therefore, it can act as a barrier against
further hydrolization of PDLLA/PCL phases. Further,
BGn prevents the migration of the products resulting
from PDLLA and PCL degradation. The acidity of
implants caused by the acid release from products can be
neutralized by releasing Ca-P ions of BGn. Therefore, the
self-catalytic effects within polymer degradation are
suppressed which lead to a greater decrease in the
degradation rate of PPB implants than that of PP ones.

3.2. Molecular Weight Variations

The averages of molecular weight (M) variations for
PP and PPB implants within different implantation time
periods are presented in Figure 3.
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Figure 3. Averages of molecular weight (Mw) variations for PP
and PPB specimens for 6 months of implantation time periods

These results are indicative of the accuracy of weight
loss results. Both curves follow similar trends with those
of the weight loss results, but inversely. Hence, at the first
stage, both curves show a decreasing trend with a sharper
slop rather than other stages.

At the whole interval evaluations, PP has lower My
than PPB, while the initial M\, was the same for both
implants. Up to 30 days, My would considerably
decrease which may be due to release of residual
monomers of specimens. The decrease in My, indicates

that the major part of degradation mechanism is
attributed to polymer chains breakaging.

It can be concluded that the lower resorption and
degradation rates of PPB than those of PP implants can
play significat roles in manufacturing biodegrade internal
fixation devices mainly because providing appropriate
mechanical properties and optimum durability can be
superior for an bioscrews applications. In addition, slow
release of degradation products of PPB can enhance its
biocompatibility [19].

3.3. Histopathological Analysis

The histological analysis of groups with no implant
replacements harvested from canine tibia bone after 30
days and 180 days of follow-up stained with H&E is
shown in Figures 4.

Figure 4. Histopathological images of cavities inserted into
tibia bone with no implants after following up to 6 months, NB:
New Bone, CT: Connective Tissue

The images show no adverse inflammation response
after one-month follow-up. Moreover, ossifications in the
vicinity of cavities are poor. After one month of
implantation, the defect was filled by a mature
connective tissue made up of lamellar collagen fibers and
blood vessels.

As observed, the mineralized osteoid was converted to
immature bone spicules. After six-month follow-up,
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some parts of defect were replaced by connective tissues,
and the remaining parts were exchanged by the new bone
in both modular and cortical forms as well as osteocytes.
It should be noted that the thickness of collagen fibers at
the early formation stages of connective tissues is higher
than that of mature connective tissue.

Figure 5 depicts the images of the decalcified area of
defects inserted into the tibia of canine which was
replaced by PP and PPB implants after 30, 60, 90, and
180 days of follow-ups.

Day 90 Day 60 Day 30

Day 180

Figure 5. Images of decalcified area of defects inserted into
tibia of canine and replaced by PP and PPB implants after 30,
60, 90 and 180 days follow ups

Some fibroblast cells as well as local calcium
precipitates and blood vessels for PPB implants were
observed in the first month after the surgery. However,
for PP implants, plenty of inflammation cells without
calcium precipitations were observed. For PPB implants
in the second post-surgery month, the spheroid-like
osteoblast cells wereorderly observed in vicinity of
collagen fibers. After 3 months post-surgery, the
morphology of osteoblast cells was converted to lamellar,
indicating the new bone formation. For PP implants, not
only is there no evidence for order configuration of
osteoblast cells in the vicinity of collagen fibers but also
osteoblast cells are randomly distributed in vicinity of
collagen fibersafter 2 and 3 months. For PPB implants in
the 6™ month, the collagen fibers would be converted to
the lamellar structure and trabecular bone tissue.

Overall, the histopathologic assessments confirmed
that the novel formulation of PDLLA/PCL/BGn
nanocomposites  materials enhanced the bone
reconstruction more efficiently than PDLLA/PCL. Of
note, the degradation rate of PPB was lower than that of
PP implants.

4. CONCLUSIONS

Based on the results of this study, the following
concluding remarks can be made:

e The weight loss changes within the canine model
throughout the in vivo study showed that both PPB
and PP lost approximately 60% and 70% of their
initial total weights, respectively.

e The average molecular weight variations as a function
of grafting times illustrated that the decreasing trend
of PP was more considerable than that of PPB.

e The histopathological results up to six months of
implantation confirmed the formation of the new
bone within the implanted area, while no osteitis,
osteomyelitis, and structural abnormality were
observed.

e The in vivo tests results of implants into tibia of the
canine model during six months confirmed the good
biocompatibility and appropriate  degradation
behavior of PPB which can promise it as a proper
candidate for ACLR screws.
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