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Effect of Zeolite and Zeolite/Collagen nanocomposite scaffolds on healing of segmental femur
bone defect in rabbits
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Abstract

Objective- The present study was aimed to evaluate repair of a critical segmental defect of rabbit femur using the rabbit’s femoral defects
repaired by Zeolite and Zeolite/Collagen scaffolds

Design- Experimental Study

Animals- Forty-five mature male New Zealand white rabbits

Procedures- The animals were randomly divided into three groups of 15 animals each. In the first group (NC) the defect was made and
with no treatment the wound was closed. In the second group (ZNC) the nanocomposite of zeolite was implanted into the defect. In the
third group (Z/COL NC) the nanocomposite of zeolite/collagen was implanted into the defect. The periost and subcutaneous tissues were
then closed primarily. The specimens were taken on days 15, 30, and 60 postoperatively and assessed histopathologically.

Results- Comparison of average scores of union index among groups showed that there was a significant difference between the mean
scores of union in three groups (p<0.05). Descriptive statistics of spongiosa index showed that the highest point to the index was found in
Z/COL NC group on day 15 (2.2) and the lowest point was found in both ZNC and NC groups (0.6). Descriptive statistics of Bone
marrow index showed that there was not a significant difference between the mean scores of the index in three groups (P>0.05).
Conclusion and clinical relevance- The results of this study showed that zeolite and zeolite/collagen nanocomposite could be taken into
consideration for grafting for bone fracture healing. It could be concluded that zeolite and zeolite/collagen nanocomposite bear a crucial
capability in the reconstruction of bone defects and could be used as scaffold in bone fractures.
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Introduction

The use of allograft also carries with it significant
The repair of bone defects in plastic and orthopedic problems, including disease transmission, host rejection,
surgery continues to pose a number of clinical problems. and lack of osteoinductive properties.’
Although autologous bone has been the hlstorl_cal stand{ard In an effort to address these problems, the search for an
for these procedures as a source of reconstructive material, ideal ial has led he devel £ |
it has significant limitations. In particular, donor site ideal material has led to the development of severa

morbidity, including pain, loss of function, and local injury reconstructive options to engineer new bone tissue. These

in the harvesting procedure, and a limited supply of bone include synthetic osteoconductive bone substitutes and
are among the most significant of  these. osteoinductive compounds such as bone morphogenetic
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and molecular cues able to guide the process of de novo
tissue regeneration.”™® Biodegradable scaffolds are
generally considered as indispensable elements for
engineering living tissues. An ideal scaffold to be used for
bone tissue engineering should possess characteristics of
excellent  biocompatibility, adequate pore  size,
controllable biodegradability and suitable mechanical
properties.*

The silica-based materials like zeolite have taken great
attention for their potential of improving the
osteoconductivity of hydroxyapatite. These materials
possess unique properties like nontoxicity, excellent
biocompatibility, and in vivo biodegradability.”> The
silica based materials find applications most often as bone
substitute material, implant coats and drug delivery
systems.™® Many biological studies involving silica-based
materials have demonstrated that these materials can
enhance the rate and quality of bone tissue repair.'’
Zeolite, classified with the crystalline aluminosilicates as
a mesoporous material, is characterized by large surface
area, rapid diffusion, adjustable porosity and high
mechanical strength.™® The non-cytotoxicity,
biocompatibility and mechanical strength of the zeolite
make it useful in the biomedical field as a bone graft
material.”® The literature is poor regarding effect of
Zeolite and Zeolite/Collagen nanocomposite scaffolds on
bone regeneration. In the present study, a critical
segmental defect of rabbit femur was repaired using the
rabbit’s femoral defects repaired by Zeolite and
Zeolite/Collagen scaffolds and the effects were examined
histologically.

Materials and Methods
Chemicals

All chemicals were of research grade and zeolite
nanoparticles were purchased from Sigma-Aldrich
Company. The zeolite was natural and Mordenite type
(INa,,Ca,K3)4(H,0) 2| [AlgSisOg6])

Preparation of
scaffolds

zeolite/collagen  nanocomposite

Zeolite powder was added to HFIP with 3, 7, and 10
(wt%). The mixture was homogenized at 200 r/min to
disperse zeolite into the solution. Then, the solution was
mixed by a magnetic stirrer (WiseStir, Wisd, Germany)
for an hour at 25°C to obtain the well-mixed

zeolite/collagen suspension. Zeolite/collagen
nanocomposite  scaffolds  were prepared by
electrospinning of the suspension based on a method
described by others.? Briefly, the suspension was added
into a plastic syringe equipped with a needle with an inner
diameter of 1.2 mm. The syringe was mounted on a
syringe pump (TOP 5300, Intermedical, Japan) in which
the needle was connected to a high-voltage power supply
(HPPS-800NP, Bisotun,Iran). Under the 12-15 kV
voltage, the fluid jet was injected at a rate of 1.0 mL/h,
and the resultant fibers were collected on an aluminum
foil which was put in the distance (13 cm) down from the
needle. This method was done for all samples. When the
electrospinning was finished at room temperature, the
scaffolds were obtained. In order to evaporate the solvent
completely, all the scaffolds were kept in a vacuum oven
(Memmert, Germany) at 25°C with minimal moist and
under the pressure for 24 h. Scanning electron microscopy
(SEM) investigations were carried out using a Cambridge
electronmicroscope, model Steroscan 360 (LEO,
Cambridge, UK) to determine morphology of the
nanocomposite (Fig 1). We did not perform EDX analysis
of the nanocomposite to confirm the existence of Zeolite
and Collagen in the nanocomposite structure. The
cytocompatibility tests were not performed as well. These
could be considered as limitations of the present study.

Figure 1.
zeolite/collagen nanocomposite scaffold. Scale bar: 300 nm

Scanning electron microscopy (SEM) photo of

Experimental design and animal models

Forty-five mature male New Zealand white rabbits, 6-8
months and with an approximate weight of 3-3.5 kg were
included into the study. All animals were obtained from
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the same source and used in this study in order to
decrease the genetic variability. The animals were housed
separately (one rabbit per cage) and maintained on
standard pellet diet and tap water. Animal houses were in
standard environmental conditions at temperature of 18 +
3 °C, humidity of 60 + 5% and natural light/dark cycle.
Lateral femoral osteotomies were performed surgically.
This investigation was approved by the institutional
animal care and use committee (IACUC), at Islamic Azad
University. Rabbits were randomized into three
experimental groups of 15 animals each.

Surgical Procedures and animal grouping

Surgical procedures were done after an intramuscular
injection of Ketamine 10% (50mg/kg) (Alfasan, The
Netherlands) and Xylazine 2% (5mg/kg) (Alfasan, The
Netherlands). The hair was callipered from the surgical
site and the skin was cleaned with iodinated surgical soap.
Aseptic technique was used throughout the surgical
procedure. An incision of approximately 5 cm long was
made along the medial right upper hind limb, and the mid
diaphyseal surface of the femur was surgically exposed by
blunt dissection. The periosteum was stripped from the
bone using a periosteal elevator and an approximately a
6mm diameter — 5mm cylinder bilateral bone defect was
created in the femur of one of the hind limbs. This
osteotomy site was then irrigated with 0.9% saline, but
periosteum around the osteotomy site was preserved and
retracted with the overlying muscles. The osteotomy site
was then treated according to the treatment protocol for
each rabbit. After making the bone defects, all rabbits
were marked with non-toxic color and randomly divided
into three groups of 15 animals each. In the first group,
Normal Control, (NC) the defect was made and with no
treatment the wound was closed. In the second group,
zeolite nanocomposite (ZNC) group, the nanocomposite
of zeolite was implanted into the defect. In the third group
(Z/COL NC) the nanocomposite of zeolite/collagen was
implanted into the defect (Fig 2). The periost and
subcutaneous tissues were then closed primarily.
Antibiotics (penicillin G procaine 40,000 1U/kg IM, bid),
dexamethasone (0.6 mg/kg, IM) and analgesic such as
tramadol hydrochloride (5 mg/kg, IM, bid) were
administered for three post-operative days. Experimental
animals were kept in separate cages to prevent self-injury.
After the procedure, daily observation was performed and
evidence of infection or other abnormalities were noted.
Five experimental subjects from each group were

euthanized with an intravenous infusion of 2 mL per 4.5-
kg dose of Euthanyl containing 240mg pentobarbital per
milliliter on days 15, 30, and 60 postoperatively. After
sacrifice, the left femur was harvested and fixed in 10%
buffered formalin and then stored for histological
examination.

Figure 2. Intraoperative photos of (A) creation of defect and (B)
implantation of the scaffold into the bone defect.

Histological assessments

For histological examination, the obtained tissues were
decalcified with 10% formic acid solution that was
changed daily. The surgical specimens were submitted to
decalcification and routine histological processing for
slide preparation and then embedded in paraffin blocks.
Thereafter, they were sectioned at a thickness of 6 um in a
microtome using the largest diameter of the defect,
stained with Trichrome, and analyzed under a light
microscope by pathologist in a double-blind manner.
Recorded factors from specimens were evaluated with a
0-4 point histological grading scale (Table 1) to determine
the quality of the union, appearance and quality of the
spongiosa, as well as to evaluate the Bone marrow that
was based on the works of others.?

Statistical analysis

The collected data were analyzed statistically with one-
way analysis of variance SPSS version 22 (IBM, Armonk,
NY). The differences were statistically significant at P <
0.05.

Results

Findings of bone parameters indices

Descriptive statistics of union index showed that the
highest point to the index union on day 15 was found in

Z/COL NC group (1.8) and the lowest in the ZNC and NC
groups (0.2).
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Table 1. Histologic scoring system.

Category | Point
TUnion
No sign of union 0
Fibrous union 1
Osteochondral union 2
Bone union 3
Complete reorganization 4
Spongiosa
No sign of cellular activity 0
Early bone formation 1
Active new bone formation 2
Reorganized spongiosa formation 3
Complete reorganized formation 4
Cortex
Absence of cortex 0
Early detection 1
Initiation of formation 2
Reorganization in majority 3
Complete organization 4
Bone marrow
Not available 0
Detection of fibrinous matenal 1
Defect occupying more than half 2
Fully occupying the red BM 3
Adult type fatty marrow B

The highest score on day 30 was found in both Z/COL
NC and NC groups (3.4) and the lowest one was found in
the ZNC group (1.4). The highest point on day 60 was
found in both Z/COL NC and NC groups (4). The lowest
point was found in the NC group (2.4) (Table 2).
Comparison of average scores of union index among
groups showed that there was a significant difference
between the mean scores of union in three groups
(p<0.05). The average scores union on days 15, 30, and
60 showed that the highest point of union score was found
in Z/ICOL NC group. Descriptive statistics of spongiosa
index showed that the highest point to the index was
found in Z/COL NC group on day 15 (2.2) and the lowest
point was found in both ZNC and NC groups (0.6).
Regarding the score of spongiosa index on day 30 there
were no significant difference among groups (P> 0.05)
(Table 3). Descriptive statistics of Bone marrow index
showed that there was not a significant difference
between the mean scores of the index in three groups
(P>0.05).

Table 2. Descriptive statistics of Union index in experimental groups.
Data are expressed as Mean+SD.

Days
Groups 15 30 60
NC 02045  35%055 241055
ZNC 024045  14+055 404045
ZICOLNC  18+080*  35+055* 404045

*P<0.05 vs. ZNC group.

Table 2. Descriptive statistics of Spongiosa index in experimental
groups. Data are expressed as Mean+SD.

Days
Groups 15 30 60
NC 060%0547  160%045 220%045
ZNC 060+0547  1.60+045 3.5+0.55
ZICOLNC  22+080*  160+045 3.5+0.55

*P<0.05 vs. ZNC group.
Findings of histological assessments

The histological observations on day 15 showed that in
NC group abundant cartilaginous callus and mild primary
woven bone were formed near the defect. In the ZNC
group histological observations on day 15 showed
moderate cartilaginous callus and mild primary woven
bone near the defect. In the Z/COL NC group histological
observations on day 15 showed moderate primary woven
bone and mild cartilaginous callus near the spicules of the
prior control bone (Fig 3). The histological observations
on day 30 showed that in NC group primary woven bone
was formed in the defect. In the ZNC group histological
observations on day 30 showed thin lamellar bone
spicules in the defect. In the Z/COL NC group

histological observations on day 30 showed thicker
lamellar bones (Fig 4). The histological observations on
day 60 showed that in NC group lamellar bone spicules
were thinner than others. In the Z/COL NC and ZNC
groups histological observations on day 60 showed that
lamellar bones were producing (Fig 5).

Figure 3. Microscopic section from the healing site of experimental
groups on day 15 of healing site. (A) NC group shows abundant
cartilaginous callus (white arrows) and mild primary woven bone (black
arrows) near the defect. The retained granulation tissue (astrisk) in the
defect is shown. (B) ZNC group shows moderate cartilaginous callus
(white arrows) and mild primary woven bone (black arrows) near the
defect. The retained granulation tissue (asterisk) in the defect is shown.
(C) Z/COL NC group shows moderate primary woven bone and mild
cartilaginous callus (black arrow) near the spicules of the prior Control
bone (white arrow). The retained granulation tissue (star) in the defect is
shown (Trichrom staining). Scale bar: 100 pm
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Figure 4. Microscopic section from the healing site of experimental
groups on day 30 of healing site. (A) NC group shows primary woven
bone (arrows) in the defect. The compact bone (asterisk) around the
defect is shown. (B) ZNC group shows thin lamellar bone spicules
(arrows) in the defect. The compact bone (asterisk) around the defect is
shown. (C) Z/COL NC group shows that the thicker lamellar bones
(arrows) are being produced (Trichrom staining). Scale bar: 100 um

Figure
groups on day 60 of healing site. (A) NC group shows that the lamellar
bone spicules (arrows) are thinner than others. (B) ZNC group shows
that the lamellar bones (arrows) are thick. (C) Z/COL NC group shows
that the lamellar bones (arrows) are thick (Trichrom staining). Scale bar:
250 um

Discussion
An ideal bone graft substitute should have
osteoconductive,  osteoinductive, and  osteogenic

properties.? As a result, some investigators used mixtures
of synthetic

biomaterials and osteoinductive organic agents to achieve
better results.” This study aimed to evaluate the effect of
zeolite and zeolite/collagen nanocomposite scaffolds in
bone healing of the femural defect in rabbit.
Histopathological evaluation was performed on days 15,
30, and 60 after surgery. It seems that quantity of newly
formed lamellar bone in the healing site in Z/COL NC
group was better than onward compared to ZNC group
after 60 days.

Ceramics such as hydroxyapatite (HA), calcium
phosphates, and bioactive glasses have been attracted
special attention, due to their excellent biocompatibility
along with their osteoconductive

and osteoinductive properties.® Depending on their
composition, particle size and production process,
ceramics can have various degrees of bioactivity, which is
the ability to chemically bond and be integrate into living
bone through the formation of HA.®

However, these materials are brittle and have low
mechanical stability, making them unsuitable for load
bearing applications.?® Synthetic polymers have great
advantages because of their structure, composition and,
consequently, their properties can be tailored to specific
needs.””? They are more ductile than ceramics and some
can, in their solid form, reach mechanical compression
strength close to that of cortical bone.?’

New bone tissue engineering methodologies and progress
in  nanotechnology have triggered the wuse of
nanostructures as scaffolds for the purpose of tissue
engineering.* Among the various nanostructures,
nanofibers are very attractive for the biomedical
applications, since they present a similar fibrous structure
to that of natural ECM. The nanofibers can be organized
into various porous architectures and possess a high
surface area to volume ratio.*** Nanotechnological
approaches have a great potential for medical
applications. In particular, the development of
electrospinning is very important for health care
applications since it is a relatively quick, simple, and cost-
effective method for producing nanostructured materials
desirable for many biomedical applications such as tissue
engineering. **3* However, most of the studies under the
in vitro settings that used polycaprone scaffolds in bone
healing were successful. The results of an in vitro
bioactivity demonstrated that the morphology, nucleation,
and growth of the hydroxyapatite were apparently
affected by the zeolite content. The enhanced bioactivity
of the composites could be attributed to the presence of
the silanol group on the composite matrix, which could
have helped in the apatite layer formation.* The overall
mechanism involves the exchange of Ca ions from the
composite surface with protons from the simulated body
fluid resulting in the formation of the silanol groups on
the surface. It has been proposed that the silanol group
does not directly combine with the Ca ions.* Initially, the
silanol group dissociates into the negative charged species
which combine with the Ca ions in the simulated body
fluid to produce amorphous calcium silicate. It has been
noted that the calcium silicate continuously takes up the
positive ions until it begins to interact with the phosphate
ions in the simulated body fluid to ultimately produce the
amorphous calcium phosphate layer on the surface, which
eventually becomes the crystalline apatite.*” Results of an
in vitro study has also verified the ability of the zeolite
composites to support and accelerate the growth of the
hydroxyapatite.®
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In conclusion, the results of this study showed that zeolite
and zeolite/collagen nanocomposite could be taken into
consideration for grafting for bone fracture healing.
Biodegradation, reaction of body and other factors
affecting bioceramic capability the influence of body
environment should be taken into consideration. It could
be concluded that zeolite and zeolite/collagen
nanocomposite bear a crucial capability in the
reconstruction of bone defects and could be used as
scaffold in bone fractures.
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