DOI: 10.5114/pjp.2014.42668

PoL J PatHor 2014; 65 (1): 40-47

STUDY OF NANO-HYDROXYAPATITE/ZIRCONIA STABILIZED
WITH YTTRIA IN BONE HEALING: HISTOPATHOLOGICAL STUDY

IN RABBIT MODEL

GHOLAMREZA ABEDI!, AMIRALI JAHANSHAHI!, MOHAMAD HOSEIN FATHI?, IRA] SOHRABI HAGHDOST?,

ABAS VESHKINI?

'Department of Surgery, Faculty of Specialized Veterinary Sciences, Science and Research Branch,

Islamic Azad University, Tehran, Iran

?Department of Materials Engineering, Isfahan University of Technology, Isfahan, Iran
’Department of Pathology, Faculty of Specialized Veterinary Sciences, Science and Research Branch,

Islamic Azad University, Tehran, Iran

‘Department of Radiology, Faculty of Specialized Veterinary Sciences, Science and Research Branch,

Islamic Azad University, Tehran, Iran

Acceleration of bone healing has always been a major challenge in orthopedic sur-
gery, the aim of this study was an evaluation of the biological effects of zirconia-sta-
bilized yttria on bone healing, using an 7z vzvo model.

Nano-hydroxyapatite powder with zirconia-stabilized yttria were inserted in rabbit
tibia and then histologically analyzed and compared with non-treated controls so
thirty six. New Zealand white male rabbits randomly divided into two groups of
18 rabbits each. A cortical hole of 4 mm diameter and 8 mm depth in each tibia
was drilled. In group I, the defect was left empty, whereas in group II, the bone
defect was packed with nano-hydroxyapatite/5% zirconia stabilized with yttria.
Histological evaluations were performed at two, four and six weeks after the im-
plantation.

Microscopic changes on two groups along with the time course were scored and
statistical analysis showed that the average scores in group II were significantly
higher than the other groups (p < 0.05).

Histological analysis was shown to be significantly improved by the nano-hydroxy-
apatite/5% zirconia stabilized with yttria compared with the control group, sug-
gesting that this biomaterial promote the healing of cortical bone, presumably by
acting as an osteoconductive.
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Introduction

Acceleration of bone healing in the fracture site
has always been a major problem. Fresh autologous
spongy bone transplantation is considered as the gold
standard for bone grafts {1, 2}. As compared with
other methods the progenitor cells are provided with-
out stimulation of an immune system response. But
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it has some problems, including donor site damage
and limitation of harvested amount. These restric-
tions encourage researchers to use synthetic bone
graft substitutes {3, 4].

In the field of matrix-based tissue-engineering ap-
proaches the goal is to use structural implants and/or
materials to replace the defective bone {5, 6]. These
approaches depend on the recruitment of endogenous
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osteoinductive factors and migration of osteogenic
cells to regenerate the bone defect {7, 8}. If the scaf-
fold could induce cells from the surrounding tissues,
pre-expansion of the cells for the transplantation
would not be required [9}. After insertion of a ma-
terial to the damage site, it will be exposed to adja-
cent cells, resulting in captured repair cells and the
possibility of leakage and non-homogeneous scatter
will be decreased. Various materials {1, 2, 10} have
been developed for these purposes: ceramics {11, 12},
polymers {13, 14}, metals {15, 16} and composites
[1, 17, 18}. However, complete success has not yet
been achieved in the use of these materials {14, 151,
because their physical structures are different from
bones. Furthermore, they may have osteoconductive
but normally not osteoinductive properties and can
only act as a matrix for new osseous ingrowth and
slow creeping substitution. The time-consuming pro-
cess of resorption is also a problem {14}.
Hydroxyapatite [HA, Ca, (PO,)(OH),}, a major
inorganic component of bone, has been used exten-
sively in biomedical applications and bone regenera-
tion due to its biodegradable, bioactive, and osteo-
conductive properties. However, usage of pure HA is
limited on account of the principal limitation of this
material — weakness and brittleness — which restricts
its clinical orthopedic and load-bearing applications.
Therefore, the need to improve the mechanical prop-
erties of HA has attracted wide attention {19, 20}.
Depending on the application, there is often
a need for the nanoparticles to be in a particular size
range. There are various techniques reported in the
literature for the production of nano-sized hydroxy-
apatite particles, but none report the effects of pro-
cessing parameters on particle size and morphology.
The techniques include mechanochemical synthesis,
combustion preparation, and various wet chemistry
techniques, such as direct precipitation from aqueous
solutions, sol-gel procedures, hydrothermal prepara-
tion and emulsion synthesis routes {19, 20}. The sol-
gel technique has advantages over other techniques
as it does not require pH control, high temperature,
vigorous agitation or long hydrolysis times, which
contribute to it being one of the most commonly
used processing methods for nanomaterials {19, 20}.
Zirconium is widely used to build prosthetic de-
vices because of its good mechanical and chemical
properties. Yttria-stabilized zirconia (YSZ) is a zirco-
nium-oxide based ceramic, in which the particular
crystal structure of zirconium oxide is made stable at
room temperature by the addition of yttrium oxide.
These oxides are commonly called “zirconia” (ZrO,)
and “yttria” (Y,0,), hence the name. Zirconium is
used to manufacture materials that work in aggres-
sive environments, such as extrusion dyes, valves and
port liners for combustion engines {21}. It has good
chemical and dimensional stability, high mechanical

strength and toughness, and a Young’s modulus sim-
ilar to that of stainless steel alloy {22].

Zirconium is a bio-inert non-resorbable metal ox-
ide which has been used in dental implants {23} and
in femoral heads of total hip replacements. In this
case zirconium ball heads have shown an ultimate
compressive load that is 2-2.5 times higher than that
of aluminum oxide heads {22}. Zirconium implants
have excellent resistance to corrosion and a high wear
resistance: they have also shown high biocompatibil-
ity and high values of bending strength and fracture
toughness {21, 24}. Cell proliferation kinetics and to-
tal protein synthesis in osteoblast culture studies with
zirconium were similar to those observed in control
cells cultured on glass coverslips {24]. Zirconium’s
ivory color, similar to the color of natural tooth [251,
makes it useful in esthetically important areas of the
oral cavity {26}, and its ability to transmit light ren-
ders it a suitable material in esthetic restorations [26].
Good biocompatibility of this material was found in
animal studies with direct bone apposition to the im-
plants {23, 27}. Zirconium can also be prepared as
a colloidal suspension and then used to coat surfaces
for improving their characteristics {28}.

The aim of this study was to evaluate the biolog-
ical effects of a combination of nano-hydroxyapatite
zirconia-stabilized yttria made with sol-gel methods
on bone healing, using an 7z vivo model: nano-hy-
droxyapatite powder with zirconia-stabilized yttria
was inserted in rabbit tibia and then histologically
analyzed and compared with non-treated controls.

Material and methods

All rabbits of the present research were kept ac-
cording to the norms of the Islamic Azad University
Faculty of Specialized Veterinary Sciences, Tehran,
Iran, laboratory of animal experimentations; this in-
vestigation was approved by the Committee of Ethics
in Research with animals in Islamic Azad University.
The study was designed so as to minimize the num-
ber of animals required for the experiments.

Scaffold preparation

First the biomaterial was made with the sol-gel
method. In this method nano-hydroxyapatite powder
was initially made, then 5% ZrO, substrate added to
it. Briefly, a phosphite sol was prepared by hydrolyz-
ing triethyl phosphite ((C,H,0),P, Fluka) for 24 h with
a fixed amount of distilled water and ethanol absolute
(the molar ratio of water and ethanol to phosphite was
fixed at 4) in a sealed glass container under vigorous
stirring at room temperature. A stoichiometric amount
of calcium nitrate tetrahydrate (Ca(NO_,))2'4HZO,
Merck) dissolved in ethanol absolute was added drop-
wise into the hydrolyzed phosphite sol. The concen-
tration of the calcium and phosphorus solution was
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Fig. 1. SEM micrographs of HA-ZRY composite nano-
powders

kept constant to maintain the stoichiometry of HA.
Vigorous stirring was continued for an additional 24
h after titration. Zirconium isopropoxide isopropa-
nol complex (Zx(OC,H,) OCH,, Aldrich) diluted in
2-propanol (Merck) was used as the source of zirconia.
Yttrium (II) acetate hydrate ((CH,CO,),Y_xH,O,
Sigma) and glacial acetic acid (AcH) were used as
stabilizing agents. The first step in the formation of
zirconia sol is to obtain a stable sol, which consists of
zirconia sol and yttrium acetate. Firstly, zirconia sol
was prepared and then mixed with yttrium acetate.
Glacial acetic acid was dripped into the zirconia sol
to form a complex compound by the reaction of AcH
with Zr (OC,H,),OC,H,. The greater reactivity of Zr
(OC,H,),0C,H, demands strict control over the hy-
drolysis conditions in order to prepare a homogeneous
sol rather than a precipitate. As the hydrolysis reaction
can take place even in an atmosphere of low humidity,
hydrolysis conditions were strictly controlled. Thus,
the glass containers used to contain the solutions were
covered with plastic wraps to inhibit evaporation. The
yttria precursor was obtained by solubilization of 5
mol% yttrium acetate in 2-propanol. After the ad-
dition of yttrium acetate to the zirconia sol, distilled
water was dripped into the mixed solution. The source
solution was homogenized with stabilizing agents un-
der vigorous stirring for 24 h. No catalytic agent was
used in this work and the mixed solution was prepared
at room temperatures of 20-25°C. The molar ratios
of water to Zr, 2-propanol to Zr, and acetic acid to
Zr were set at 50 : 1 respectively. The reinforcements
were prepared by 30 wt% ZrO, sol concentration. Fi-
nally, a mixture of the zirconia sol and the hydroxy-
apatite sol was used to synthesize HA-YSZ compos-
ites. Fortunately, no gelation was observed despite
the addition and a stable HA-YSZ composite sol was
achieved. The reinforcement solutions were constantly
stirred for 24 h followed by 4 h of aging. After aging,
the obtained gels were oven dried at 80°C and calcined
at 850, 950, and 1050°C for 1 h to obtain crystalline
powders. Therefore, one type of zirconia, namely pure,
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5 mol% yttria doped, was used to make the HA-YSZ
composite powder specimens.

Scanning electron microscopy

The surface morphology of scaffolds was charac-
terized using a scanning electron microscope (SEM,
Philips XL30, Netherlands) after specimens were
coated with gold using a sputter coater (Fig. 1).

Description of operative procedures

In this experimental study, 36 male adult white New
Zealand rabbits were utilized (weight: 3 to 3.5 kg),
purchased from Pasteur Institute of Iran (Tehran, Iran).
Prior to the surgery, the rabbits were housed in a stan-
dard cage with food and water ad libitum and allowed
to acclimate to their environment for a period of at
least 7 days so as to ensure their health and stability.
They were divided randomly into two experimental
groups of 18 rabbits each. Anesthesia was induced us-
ing intramuscular ketamine hydrochloride (20 mg/kg),
acepromazine (0.1 mg/kg) and atropine sulfate (0.02
mg/kg). Rabbits were immobilized and connected to
an anesthetic machine using isoflurane 1%. Then the
left tibias were shaved, washed and disinfected with
povidone—iodine. A 5-7 c¢m incision was made on the
proximal-anterior part of tibias. The incision penetrated
the epidermis, dermis and the fascial layers. An addi-
tional medial-anterior incision was made through the
periosteum. The periosteum was elevated with a peri-
osteal elevator and retained by a self-retaining retractor.
A cortical hole of 3 mm diameter and 8 mm depth in
each tibia was drilled. The bone cavities were washed
with saline during and after the drilling. In group I, the
defect was left empty, whereas in group 11, the bone de-
fect was packed with nano-hydroxyapatite/5% zirconia
stabilized with yttria. After implantation, muscles and
fascia were sutured with vicryl 5-0 and skin was sutured
with nylon 3-0 cefazolin (22 mg/kg) and the analgesic
ketoprofen (2 mg/kg) was used via intramuscular ad-
ministration for 5 post-operative days. Rabbits were
allowed to move without any restrictions immediately
after recovery from the anesthesia.

Visual observations

Six rabbits in each group were sacrificed at the end
of two, four and six weeks. The surgical site was care-
fully inspected, special attention being paid to:

* signs of foreign body or inflammatory reaction such
as swelling or seromas,

® appearance of the implant sites (healing, tissue in-
tegration).

Histological evaluation

The left tibias were harvested at the designated
time points. The specimens were harvested with the
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Table I. Histological scoring

SCORES

PARAMETERS 5

2 3

collagen fibers

. . no collagen fibers woven woven + laminar laminar
orientation
trabecular thickness 0 20 pu > 20U <—<60u > 60w
no
inflammation severe presence of notable presence of presence of a few )
inflammatory cells inflammatory cells inflammatory cells inflammatory cells
present
foreign body - +
reaction -
vitality no osteocytes in osteocytes in lacuna  osteocytes in lacuna  osteocytes in lacuna

lacuna

surrounding tissue and fixed in 109% neutral formalin
for two weeks, then were decalcified with 10% nitric
acid, dehydrated, and then embedded in paraffin, and
after that were sectioned at 5 um and stained with
hematoxylin-eosin for histological observation. As-
sessment was performed by a blinded assessor while
considering parameters in Table I, with an Olympus
BH-2 light microscope (Tokyo, Japan). Measure-
ments were made on four sections for each sample.
Differences between groups were evaluated by
Kruskal-Wallis and analysis of variance (ANOVA)

a s

Fig. 2. Photographs of tibia taken after the euthanization
of the animals in control groups after 2 weeks (A),4 weeks

(B) and 6 weeks (C)

tests. P-values < 0.05 were considered statistically
significant. Statistical analysis was performed using
the SPSS statistics package version 15.0.15.

Results

Visual observations

By visual evaluation it was possible to see that the
operative site in group II was partially healed, with-
out any evidence of inflammation or swelling at two
weeks (Fig. 3D), but in group I no evidence of heal-

Fig. 3. Photographs of tibia taken after the euthaniza-
tion of the animals in treatment groups after 2 weeks (A),

4 weeks (B) and 6 weeks (C)
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Fig. 4. Hematoxylin-eosin stained sections of control groups which were harvested at 2 (A), 4 (B) and 6 (C) weeks
(magnification: 4 X 10). In the photos, NB denotes newly formed bone tissue, while BM denotes bone marrows.

ing was present (Fig. 2A). The tibial bone appeared
healthy, without any manifestation of inflammatory
or degenerative signs after four weeks and the im-
plantation site in group II was completely filled with
new bone formation (Fig. 3E), and in group I the
evidence of healing was present (Fig. 2B) after six
weeks. The surgical sites in group II were not always
easily detectable and completely filled with mature
bone (Fig. 3F) but in group I surgical sites were easily
detectable (Fig. 2C).

Histological evaluations

After two weeks

In group II, there was very little inflammation and
new bone formation was already present. Contact
with bone graft material was also seen (Figs. 5, 6D),
but in group I no evidence of new bone formation
was present (Fig. 4A).

Fig. 5. Hematoxylin-eosin stained sections of N-HA/ZRY which were harvested at 2 (A), 4 (B) and 6 (C) weeks

post-implantation (magnification: 4 X 10)
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After four weeks

The woven bone was formed in the control group
(Fig. 4B). Mixed lamellar and woven bone formation
was seen in group II and there was a little inflamma-
tion in this group. Foreign body reaction was nega-
tive. Bone growth was observed on either side (out-
side and inside) of the implant. Lacunas contained
live osteocytes, and demonstrated active and vital
bone (Figs. 5, 6E).

After six weeks

In group II, lamellar bone formation was observed
and trabecular thickness was remarkable. The in-
flammation and foreign body reaction were negative.
Partial contact with biomaterials and host bone was
also seen (Figs. 5, 6F). In group I mixed lamellar and
woven bone formation was seen and trabecular thick-
ness was not remarkable (Fig. 4C).

-
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Fig. 6. He.r-natoxy
post-implantation (magnification: 10 X 10)

Detailed results of histological evaluations are sum-
marized in Table II. Histological changes in the
two groups were scored and statistical analysis
showed that the total average scores in group II
were significantly higher than the control group
(p < 0.05).

Discussion

Ceramic biomaterials are widely used in orthopedics
and dentistry as a consequence of their chemical and
mechanical proprieties. For example, zirconia is used in
prosthetic surgery of the hip, giving a prolonged life of
the implant because of its low friction surface and low
debris products. Ceramic materials also demonstrate
high biocompatibility properties: zirconia has high af-
finity for bone tissue {23} and the bone-implant inter-
face is similar to that seen around titanium implants
[21}. Zirconia inserted into subcutaneous tissue deter-
mined only a small inflammatory cell infiltrate with the
implant completely surrounded by thin fibrous con-
nective tissue [25]. In other studies it was shown that
zirconia did not present any signs of toxic, immune or

Table II. Bone repair histological scores

carcinogenetic effects {22, 29} and had no oncogenic
effects zn vitro {22, 30}. This material showed no chro-
mosome aberrations and no carcinogenicity {31}; more-
over, zirconia did not alter the cell ploidy or cell-growth
rate in accordance with the absence of any inducing
effects on DNA synthesis or proliferation {24}. Zirconi-
um oxide is able to up- or down-regulate the expression
of some genes. Specifically, zirconia is able to modulate
immunity, vesicular transport and cell cycle regulation
[321. Given the above-mentioned advantages, the idea
of using zirconia to cover prostheses has become pop-
ular in recent years. Zirconium oxide coating, in fact,
is mainly used to enhance bone growth, to minimize
friction and corrosion, and to improve biocompatibility
of total joint prostheses {33}]. It has extreme hardness
and good tribological characteristics. When the coating
is thick enough (> 20_m), it can withstand high con-
tact stresses and the wear rate is negligible. Low friction
is accompanied by low bending torque on the fixation
surfaces of prostheses {28}. An {34} showed that a po-
rous ZrO,/HA porous composite scaffold has excellent
mechanical properties, and cellular/tissue compatibili-
ty, and would be a promising substrate to achieve both

GROUPS AT 2 WEEKS

GROUPS AT 4 WEEKS GROUPS AT 6 WEEKS

PARAMETERS (MAXIMUM SCORES)

1 II* 1 II* 1 II*
collagen fibers orientation 0 0.9 0.34 1.69 1.02 2.4
trabecular thickness 0 1.2 0.28 1.57 1.36 2.64
inflammation 0.2 0.67 0.3 1.33 0 0.87
foreign body reaction 1.6 0 1.83 0 1.4
vitality 0.72 0.27 1.12 1.2 1.84
total 0.2 5.09 1.19 7.54 3.58 9.15

*Group 11 is significantly different from control groups, p < 0.05
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bone reconstruction and regeneration needed in the
treatment of large bone defects. Another study demon-
strated that the zirconia materials were biocompati-
ble and the cell response was comparable to titanium,
which still presents the implant material of choice for
oral implant fabrication. Whether there is a correla-
tion between the up-regulation of different genes on
the modified zirconia surface (TZP-proc) at day 21 and
reduced bone-to-implant contact especially at day 14
was investigated [35]. Stefanic ez /. reported that the
-TCP coating adhered firmly to the underlying sub-
strate and showed strong resistance towards mechanical
forces present during the implantation of the coated zir-
conia implant into the artificial bone. In addition, vari-
ations in the heating regime allow further control over
the topography and possibly over the physico-chemical
properties of the B-TCP coating. The achieved results of
their study showed the very promising properties of the
presented B—TCP coating for future biomedical applica-
tions on zirconia bone implants [36].

In the present study a new method for zirconia-sta-
bilized yttria biomaterial preparation is presented
and the effects on bone growth of this technique
are evaluated. In the treated samples a higher and
statistically significant bone healing percentage was
found. A high number of histological sections were
evaluated. The rabbit was chosen as an experimental
animal due to its low cost and ease of treatment. The
time-scale of six weeks was chosen because rabbits
have a higher metabolism and bone turnover than
humans, and at six weeks healing is almost complete.

Conclusions

Histological analysis of the bone healing was
shown to be significantly improved by nano-hy-
droxyapatite/5% zirconia stabilized with yttria com-
pared with the control group, suggesting that this
biomaterial promotes the healing of cortical bone,
presumably by acting as an osteoconductive material.
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