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repair in critical size calvarial defect increased FGF-2,
osteocalcin and OPG immunostaining and IL-10 levels
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Abstract: The aim of this study was to characterize and evaluate zirconia/hydroxyapatite in a critical size calvarial
defect model in rats. Zirconia/hydroxyapatite (80/20) scaffold was characterized by X-ray diffraction (XRD) and
Scanning Electron Microscopy (SEM). Critical size (8 mm) calvarial defects were created in wistar rats (n=48) and
divided into four groups (90 days): GO Group: positive control; G1 Group: hydroxyapatite; G2 Group: Zirconia; G3
Group: Zirconia/hydroxyapatite (80/20). Calvaria were subjected to Micro CT, histological and immunohistochemi-
cal analyses (RANK, RANKL, OPG, osteocalcin and FGF-2). IL-1 beta, IL.-10 and TNF-alpha levels were analyzed by
Elisa Immunoassay. The XRD analysis confirmed the formation of a crystalline structure and SEM showed the pres-
ence of regions corresponding to Zirconia and Hydroxyapatite. The Micro CT showed increased bone volume (BV/TV)
and bone mineral density (BMD) in the G3 group (P<0.05). In addition, discrete periosteal bone formation was found
at the interface of the defect edge and the external surface of the scaffold in the G3 group, showing osteocytes
inside and osteoblasts (P<0.05) with scarce mononuclear inflammatory cells (P<0.01) in the central region of the
defect. The immunostaining was moderate for RANKL, Osteocalcin and FGF-2 in the G3 group (P<0.5), while it was
intense for OPG (P<0.001). IL-1 beta levels were decreased and IL-10 levels increased (P<0.05). Zirconia/hydroxy-
apatite (80/20) scaffold repair in critical size calvarial defects increased bone density, osteoblast and osteoclast
cell numbers, FGF-2, osteocalcin and OPG immunostaining and IL-10 levels.
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Introduction development of biomaterials has led to discov-
ering new products to replace injured tissue.
Bone lesions often occur in the population, One of the options has been the use of bio-

largely causing significant bone loss [1, 2]. The logical frameworks to assist the wound healing
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process, alone or in combination with other
procedures which stimulate repair [1, 3].

Hydroxyapatite (HA) is one of the most studied
compounds used for clinical purposes, espe-
cially because it is a mineral component with
more prominence in bone and teeth formation.
HA has been utilized to correct craniomaxillo-
facial defects, trauma, congenital deformities
and also in aesthetic medicine in the correct-
ion of inherently deficient areas of the facial
skeleton [4]. HA has good bone conductivity
and resorption speed, and it is important to
highlight that this material stimulates osteo-
genesis in the area in contact with bone [5].

The main property of biomaterials used for
bone grafting is osteoconduction. Osteocond-
uction is the ability of a material to serve as
a framework for bone cell migration. Experi-
ments in goats [6] have confirmed the osteo-
conductive capacity of nanohydroxyapatite in
healing bone defects. The osteoconductive
effect directly depends on the porosity of the
material, enabling migration of osteoblasts to
the interior, making an integration between
surfaces viable.

Liao et al. emphasized that HA composites are
osteoconductive, biocompatible and have simi-
lar minerals to bones; however, the authors
emphasize that the fragility of this material
should be taken into consideration [8]. Conz et
al. stated that one of the main challenges of
bone graft biomaterials used for bone recon-
struction is to increase the strength of HA com-
posites to withstand the forces applied during
surgical procedures [9].

Ceramics are among the materials with resis-
tance to mechanical forces [7]. Piconi C and
Maccauro point out that ceramics such as zir-
conia have good chemical and dimensional sta-
bility, mechanical strength and toughness, and
therefore have generated interest as suitable
biomaterials for bone graft substitutes [10].
Even though, zirconia has many excellent prop-
erties, the authors point out that there is a
need to stabilize porcelains in order to ensure
its correct production [10]. Therefore, taking
into consideration the qualities and weakness-
es of hydroxyapatite and zirconia, this study
aims to characterize and evaluate the zirconia/
hydroxyapatite scaffold on a calvarial defect
experimental model.
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Materials and methods
Materials

The materials used to obtain the composites
were 8 mol% of yttria-stabilized zirconia (YSZ)
(TOSOH CORPORATION) with batch number
Z802964P and hydroxyapatite (HAp). The
hydroxyapatite was synthesized by the sol-gel
method with precursors such as phosphoric
acid (H,PO,, Vetec, 85%), calcium nitrate tetra-
hydrate (Ca(NO,),-4H,0, Vetec, 99%) and dis-
tilled water.

Obtaining zirconia/hydroxyapatite (80,/20)

The Zirconia/Hydroxyapatite (80/20) compos-
ite was weighed on a digital scale, and the
homogenization was carried out using an ultra-
sonic tip with ethyl alcohol. The composition
was quickly poured into a hot vessel and put
into the oven for drying to avoid phase separa-
tion in the process. When dried, the composite
was macerated and sent for characterization.
Hydroxyapatite, commercial zirconia powders
and YSZ/HAp composites were characterized
by X-ray diffraction (XRD, 40 kV, XRD-7000,
SHIMADZU), Vickers microhardness test (FM-
810, Futuretech) and Scanning Electron Micr-
oscopy (SEM, HITACHI 3M-3000).

X-ray diffraction (XRD)

The studies were performed on a SHIMADZU
model XRD-7000, with an angular range of 20°
to 120°, at a step of 0.02° and a speed of 1°/
min, with the equipment adjusted to 40 kV. XRD
patterns provide information about the chemi-
cal composition and structure of crystalline
materials. XRD is the only technique used for
qualitative and quantitative analysis.

Scanning electron microscopy (SEM)

SEM analysis was performed on HITACHI equip-
ment (model 3M-3000) to analyze specimen
indentation and measure the semi-diagonal
crack sizes of the indentation marks.

Experimental model in animals

The experimental protocols were performed
according to the guidelines approved by the
Animal Research Ethics Committee (CEUA)/
UFRN, protocol number 022020/2017. The
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Figure 1. Surgical procedure for implantation of biomaterials. (A) Trephine drill, measuring 8 mm in diameter, used
for drilling the defect. (B) Integral incision, soft tissue disruption, exposure of calvaria bone. (C) Critical bone defect
in calvaria. (D) Removal of bone fragment from defect area measuring 8 mm in diameter as shown in detail. (E)
Defect area with exposure of the integra after removal of the calvaria bone. (F) Implantation of biomaterial in defect
according to group. (G) Soft tissue approach and simple suture. (H) Moment of euthanasia showing biomaterial fill-
ing the defect after 12 weeks. (1) GO Group specimen showing defect area filled with fibrous connective tissue and
small projection of formed bone (arrow). (J) G1 Group specimen showing bone formation at the edge of the defect
in contact with the biomaterial (arrows). (K) G2 Group showing bone resorption area adjacent to the implanted bio-
material (arrows). (L) G3 Group in which bone formation area is observed in contact with the implanted composite
(narrow arrow) and slight bone resorption (wide arrow). GO Group: Positive control critical defect (D) filled with blood
clot; G1 Group: Critical defect filled with hydroxyapatite (H) scaffold; G2 Group: Critical defect filled with zirconia

(YSZ) scaffold; G3 Group: Critical defect filled with zirconia/hydroxyapatite (80/20) scaffold.

Institutional Animal Care and Use Committees
(IACUCs) located at UFRN, Natal/Brazil, and
the Animal Research: Reporting in vivo Ex-
periments ARRIVE guidelines [12] and proto-
cols were approved and followed. Adult Male
Wistar rats, (Rattus novergicus albinus, Wis-
tar), weighing approximately 300 g, were ob-
tained from the Laboratory of the Department
of Pharmacology of the Federal University of
Rio Grande do Norte. Rats were distributed
into the following four groups: Group O: Posi-
tive control: Critical defect (D) filled with blood
clot. Group 1: Critical defect filled with Hydro-
xyapatite (H) scaffold; Group 2: Critical defect
filled with zirconia (YSZ) scaffold; and Group 3:
Critical defect filled with Zirconia/Hydroxyapa-
tite (80/20) scaffold. Each group consisted of
12 animals: four animals were used for mor-
phological and immunohistochemical analysis,
four for Micro-CT, and four for cytokine analy-
sis (IL-1, IL-10, TNF) by ELISA immunoassay.
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Rats were anesthetized with a combination of
10% ketamine hydrochloride (80 mg/kg) and
2% xylazine hydrochloride (10 mg/kg), trichoto-
my and antisepsis of the integument with topi-
cal polivinilpirrolidona-iodo (PVPI), and then a
rectilinear incision of approximately 2 cm in the
integument of the median skull was performed
to access the calvaria to create the rat critical
size calvarial defect. The periosteum was later-
ally divulged and a bony defect measuring 8
mm in diameter was created in the central
region of the calvaria utilizing a trephine drill,
with constant saline irrigation. Then, the defect
area was filled with the biomaterial correspond-
ing to the study groups. Soft tissue was sutured
with 4-0 nylon. (Shalon, Sao Paulo, Brazil)
(Figure 1). The animals received feed and water
ad libitum in the UFRN Department of Phar-
macology for the entire period of the experi-
ment (12 weeks). After this period, the animals

Am J Transl Res 2020;12(6):2439-2450



Zirconia/hydroxyapatite repair in critical calvarial defect

were euthanized using ketamine and xylazine
hydrochloride overdose.

Micro-CT analysis

The maxilla was dissected and fixed with 4%
paraformaldehyde in 0.1 M phosphate-buff-
ered saline solution for 24 hours. Samples
were scanned using a high-resolution micro-CT
(SkyScan 1172, Sky-Scan N.V., Belgium) at an
image resolution of 15 pym, with 70 kV and 148
WA x-ray source and 0.5 mm aluminum filter.
Then three-dimensional (3D) image datasets
were reconstructed from two-dimensional x-ray
images using NRecon software (SkyScan N.V.),
with processes including appropriate image
correction steps including ring artifact correc-
tion, beam hardening correction and fine-tun-
ing. After acquisition of the datasets, the imag-
es of samples were viewed and reoriented on
each 3D plane with DataViewer software
(SkyScan N.V.) to align the palatal defects par-
allel to the transaxial plane to minimize analy-
sis errors [13].

A 3D volumetric analysis was performed using
CTAn software (SkyScan N.V.). Images were
performed with DOLPHIN@ software (Navantis,
Toronto, CAN). All analyses were repeated at a
separate time point by a single rater to ensure
consistency of results. The region of interest
was outlined with a transaxial sections in order
to create a uniform, cylindrical-shaped volume
of interest, which encloses the entire defect
area. Grey threshold values were determined
by approximating images to their true morphol-
ogy. Bone volume (BV) and tissue volume (TV)
were measured to calculate percent bone vol-
ume (BV/TV) of each graft site, and bone min-
eral density (BMD) was also calculated.

Histological analysis

Samples were processed by the Biosciences
Morphology Laboratory-UFRN. Four samples
(n=4) from each group were decalcified in 4.3%
EDTA solution (pH 7.4) for five weeks. The defect
region was sectioned in a transverse orienta-
tion and each side of the defect was embedded
in paraffin. First, 4 um-thick sections were
obtained and stained with hematoxylin and
eosin. Histological sections were blindly ana-
lyzed by a pathologist by conventional light
microscope (Olimpus®CH2, Olimpus Optical Co.
Ltd, Japan).
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The following histomorphological events, ada-
pted from Prantel (2007), were evaluated [14]:
(@) Inflammation: (score O) absence of inflam-
matory cells; (score 1) weak presence of inflam-
matory cells; (score 2) moderate presence of
inflammatory cells; (score 3) intense presence
of inflammatory cells; (b) Bone Cell Types:
Osteoblast: (score 0) absence; and (score 1)
presence; Osteocyte: (score 0) absence; and
(score 1) presence; and Osteoclasts: (score 0)
absence; and (score 1) presence.

Immunohistochemical analysis

3 um-thick histological sections mounted on
glass slides previously prepared with 3-amino-
propyltriethoxy silane-based adhesives (Sigma
Chemical Co, St. Louis, MO, USA) were subject-
ed to the LSAB immunoperoxidase method
using the following primary anti-human anti-
bodies: RANK (1:400), anti-RANKL (1:400),
anti-OPG (1:400), anti-osteocalcin (1:400) and
anti-FGF-2 (1:400) (Santa Cruz Biothecnology,
Miami, USA). Immunoreactivity was analyzed by
scores assigned according to the percentage of
cellular labeling [15]. Score O: immunostaining
absence; Score 1: weak labeling (<25% positive
cells); score 2: moderate labeling (25% to 50%
positive cells) and score 3: intense immunos-
taining (>50% positive cells).

Detection of IL-13 and TNF-« by elisa immuno-
assay

Rat calvaria (n=4/group) were stored at -70°C,
then IL-1B levels (detection range: 62.5-4000
pg/mL; lower detection limit: 12.5 ng/mL of
recombinant mouse IL-1B), IL-10 levels (detec-
tion range: 62.5-4000 pg/mL; lower detection
limit: 12.5 ng/mL of recombinant mouse IL-10)
and TNF-a (detection range: 62.5-4000 pg/mL;
lower limit of detection: 50 ng/mL mouse TNF-a
recombinant) were determined using commer-
cial ELISA kits (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s protocol.
All samples were measured at 490 nm.

Statistical analysis

The data are presented as means * standard
error of the mean or as medians, when appro-
priate. One-way analysis of variance (ANOVA)
followed by the Bonferroni test was used to
compare significance among groups. The Kru-
skal-Wallis test followed by Dunn’s test was
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respectively. It is possible to
observe the presence of the
yttria-stabilized zirconia phase
with discrete hydroxyapatite

peaks for YSZ/HAp (80/20)
composite material, Figure 1.

SEM analysis

Figure 2B shows images of
yttria-stabilized zirconia sam-

ples (a), and the composite

material containing 20% hyd-
roxyapatite in its composition
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Microdureza Vickers €  Figyre 2. Yitria-stabilized zirconia
(YSZ), hydroxyapatite (HAp), and
YSZ/HAp 80/20 diffractograms.
SEM images of the yttria-stabilized
zirconia (A) and composite materi-

al YSZ/HA 80/20 (B); EDS images

of the composite material (c, d),

Vickers microhardness histogram

ysz YSZ/HA (e).

used to compare medians. Data were averaged
per each group and compared using a Stu-
dent’s t-test for radiographic linear and volu-
metric bone loss. A p-value of P<0.05 indicated
statistical significance (GraphPad Prism 5.0
Software, La Jolla, CA, USA).

Results
XRD analysis

Figure 2 shows the diffractograms of the yttria-
stabilized zirconia (YSZ), hydroxyapatite (HAp)
and composite material (YSZ/HAp) samples.
The presence of yttria-stabilized zirconia and
hydroxyapatite were identified with the aid of
ICSD card No. 075316 and ICSD No. 26205,
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(b). The entire metallographic
process was performed to pre-
pare the samples with sanding
and polishing for visualization
in SEM. It is possible to obse-
rve the indentations resulting
from the Vickers microhard-
ness analysis through the
scanning electron microscopy
technique, Figure 2B (a) and
(b), respectively.

A darker or lighter region is
identified according to the pre-
sence of hydroxyapatite in the
sample based on the general
qualitative analysis of the ele-
ments (Figure 2B (c and d)).
The lightest region is the com-
position with the yttria-stabi-
lized zirconia and the darkest
region is rich in hydroxyapatite
[Figure 2B (d) zirconia in red
and hydroxyapatite in bluel.
Figure 2B (e) represents the Vickers micro-
hardness difference in the zirconia and com-
posite material samples.

Micro CT

Micro-CT has been considered the gold stan-
dard for assessing trabecular bone microarchi-
tecture. Quantitative analyses were performed
by comparing the bone volume of specimens
from the rats with HA, zirconia, or Zirconia/HA
(80/20) Scaffolds. Increased bone volume (BV/
TV) and bone mineral density (BMD) percent-
ages were showed in G1, G2 and G3 groups
(P<0.05, Figure 3). However, the HA scaffold
group (G1 group) showed fractures and soft tis-
sue invasion. The zirconia scaffold (G2 group)

Am J Transl Res 2020;12(6):2439-2450
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Figure 3. Micro CT analysis. Sargittal image; Transversal image, Coronal image and 3D (tridimensional) image.
Percent bone volume (BV/TV) and bone mineral density (BMD), (ANOVA test followed by Bonferroni), (*P<0.05). G1
(arrow): Fracture of hydroxyapatite. G2 (arrow): No binding to zirconia-bone tissue. G3 (arrow): No fracture and bind
between zirconia/hydroxyapatite (80/20) scaffold-bone tissue.

did not show osteointegration with bone tissue.
The image showed wound displacement, with
soft tissue exposure. The zirconia/hydroxyapa-
tite (80/20) scaffold (G3 group) showed no
fracture, no soft tissue invasion, and osteointe-
gration with bone tissue (Figure 3).

Histological analysis

For the GO Group, discreet projections of new
bone formation were observed with osteocytes
inside. Focal areas showed a slight presence of
osteoblasts in the periphery and absence of
osteoclasts (P<0.001 compared to G2 group,
Figure 6). Fibrous connective tissue by fibro-
blasts and scarce mononuclear inflammatory
cells (P<0.05 compared to G2 group, Figure 6)
fill the central area of the defect (Figure 4A-D).

In the G1 group (HA), internal filling of the con-
nective tissue defect was partially inhibited by
the implanted biomaterial and discreet bone
formation exhibiting osteocytes and regions
with osteoblastic paving was observed in the
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margin (P<0.01 compared to G2 group, Figure
6). There was also a slight mononuclear inflam-
matory infiltrate (P<0.01 compared to G2
group, Figure 6) and a slight presence of osteo-
clasts showing bone resorption in focal areas
(Figure 4E-H).

In the G2 group, small bone fragments with
irregular margins containing osteocytes were
formed in the margin of the defect, but no
osteoblasts were present. Bone trabeculae
resorption by numerous osteoclasts were ob-
served in some fields. Intense mononuclear
inflammatory infiltrate permeating fibrous con-
nective tissue and multinucleated giant cells
were observed, showing an inflammatory reac-
tion related to the presence of a foreign body in
the defect area (Figure 4I-L).

In the G3 group, discreet periosteal bone for-
mation was found at the interface of the defect
edge and the outer surface of the composite,
showing osteocytes inside and osteoblasts
(P<0.05 compared to G2 group, Figure 6) on

Am J Transl Res 2020;12(6):2439-2450
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Figure 4. (A-D) GO Group: (A) Edge of defect exhibiting discreet projection-like bone P formations and medullary
spaces (ms). (B) Bone formation with osteocytes ® in their gaps and adjacent area filled with collagenized fibrous
connective tissue (ct). (C) Bone trabeculae displaying osteoblasts — superficially and osteocytes ® within. (D) Col-
lagenized fibrous connective tissue from the defect area, displaying numerous large fibroblasts =, lymphocyte
and BMDblood vessel (bv). (E-H) G1 Group: (E) Bone projections » formed on margin of defect. Connective tissue in
defect area (ct) showing remnant intertwining of implanted biomaterial (b). (F) Area showing remnant of implanted
biomaterial (b) where multinucleated giant cell = can be visualized in contact with the periphery of the biomaterial.
(G) Bone trabeculae surface showing osteoblastic — paving and osteocytes ® inside. (H) Another field in a defect
region showing osteoclast P» on bone trabeculae surface and scarce mononuclear inflammatory cells *, lympho-
cytes -, macrophages %. (I-L) G2 Group: (I) Margin of defect showing bone fragments » with irregular margins con-
taining osteocytes ®. (J) Field showing bone trabecula resorbed by numerous osteoclasts PP. In detail, osteoclasts
on bone surface. (K) Numerous multinucleated giant cells = in proximity to the implanted biomaterial. (L) Defect
area showing intense inflammatory infiltrate *** permeating collagenized fibrous connective tissue (ct). In detail
numerous mononuclear inflammatory cells are observed. (M-P) G3 Group: (M) Bone projections » at the interface
of the remnant bone edge and defect displaying osteocytes ® inside, scarce scattered inflammatory cells *. (N)
Bone fragment » surrounded by collagenized and well-cellularized fibrous connective tissue (ct). (O) Bone fragment
presenting osteoblasts — in the periphery and osteocytes ® in the interior. (P) In the field near the edge of the
defect, osteoclasts PP are sometimes housed in gaps promoting bone resorption, lymphocytes 3 macrophages %.
GO Group: Positive control critical defect (D) filled with blood clot; G1 Group: Critical defect filled with Hydroxyapatite
(H) scaffold; G2 Group: Critical defect filled with zirconia (YSZ) scaffold; G3 Group: Critical defect filled with zirconia/
hydroxyapatite (80/20) scaffold. (A, E, I-M) (HE 100 x); (B, F, N) (HE 200 x). (C, D, G, H, O, P) details (HE 400 x).

the periphery, well-cellularized and collage- nuclear inflammatory cells (P<0.01 compared
nized fibrous connective tissue, with few mono- to G2 group, Figure 6) were observed in the
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Zirconia/hydroxyapatite repair in critical calvarial defect

Figure 5. Immunostaining for RANK, RANKL, OPG, OST and FGF-2. (A-D) RANK: presented mild cellular immunos-
taining in all groups. (E-H) RANKL: (E) Absence of immunostaining in the GO Group; (F) Weak immunostaining in G1
Group. (G) Intense immunostaining in G2 Group. Detail showing intense mononuclear inflammatory cell marking. (H)
Intense immunostaining in G3 Group. (I-L) OPG: intense immunostaining in GO Group (1) and G1 Group (J); mild in G2
Group (K) and intense in G3 (L). Detail showing intense immunostaining in osteocytes. (M-P) OST: presented moder-
ate immunostaining in G1 Group (N) and G3 Group (P). Mild in GO Group (M) and absent in G2 (O). (Q-T) FGF-2: no
marking in GO Group (Q); intense immunostaining in fibroblasts near the bone margin in G1 Group (R) and G3 Group
(T). In detail (T), another field of the G3 Group exhibiting intense immunostaining in numerous large fibroblasts. G2
Group presented mild immunostaining in fibroblasts (S). Immunostaining in osteocytes (broad arrow), osteoblasts
(narrow arrow) osteoclasts (double arrow). GO Group: Positive control critical defect (D) filled with blood clot; G1
Group: Critical defect filled with Hydroxyapatite (H) scaffold; G2 Group: Critical defect filled with Zirconia (YSZ) scaf-
fold; G3 Group: Critical defect filled with zirconia/hydroxyapatite (80/20) scaffold. LSAB, 400 x.

central region of the defect. Osteoclasts (P< sometimes found in gaps in fields near the mar-
0.05 compared to G2 group, Figure 6) are gin, promoting bone resorption (Figure 4M-P).
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Figure 6. HE score and immunohistochemistry score. GO Group: positive
control (defective and untreated); G1 Group: hydroxyapatite-treated group;
G2 Group: Zirconia-treated group; G3 Group: 80/20 Zirconia/hydroxyapa-
tite-treated group (Kruskal-Wallis test followed by Dunn test), (*P<0.05),

(***P<0.001), (**P<0.01).

Immunohistochemistry

Immunostaining analysis for RANK, RANKL,
OPG, Osteocalcin and FGF-2 was performed in
the vicinity of the defect. Weak immunostain-
ing for RANK was observed for all groups. Im-
munostaining for RANKL was intense for GO
compared to G1 group (P<0.05), moderate
immunostaining for G2 and G3 groups, and
weak for G1 group. Immunostaining for OPG
was intense in G1 and G3 groups when com-
pared to the G2 group (P<0.001). Osteocalcin
showed moderate immunostaining in G1 and
G3 groups when compared to mild labeling in
GO and G2 groups (P<0.05). Immunostaining
for FGF-2 varied from intense to moderate for
G1 and G3 groups when compared to GO and
G2 (P<0.05). Immunostaining in connective tis-
sue was detected in mononuclear inflammatory
cells and fibroblasts. The type of cellular immu-
noreactivity was cytoplasmic and nuclear
(Figures 5 and 6).
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Cytokines

Analysis of inflammatory cyto-
kines showed a significant re-
duction of IL-1 beta for G1

and G3 groups when compar-
ed to GO (P<0.05). IL-10 levels
were increased in G1 and G3
groups when compared to GO
and G2 (P<0.05). Regarding
TNF-alpha levels, there was a
significant reduction for G1
group when compared to GO
(P<0.05, Figure 7).

Discussion

Intramembranous ossification,
one of two types of bone for-
mation, is responsible for the
development of flat or laminat-
ed bones, especially in the
skull. Bone fracture repair con-
sists of a series of phases:
infammation, soft callus for-
mation, hard callus formation
and bone remodeling. Mesen-
chymal progenitor cells are ac-
tivated during these phases to
undertake migration, prolifera-
tion and differentiation [17].

Bone fracture of a bone disrupts the local vas-
culature within the bone tissue itself and at the
endosteal and periosteal surfaces in the bone
marrow and in the surrounding soft tissues.
This results in hematoma formation due to
activation of the plasma coagulation cascade
and the platelets exposed to the extravascular
environment. The fibrin network thus created
serves as the first provisional matrix for the
influx of inflammatory cells which are attracted
by platelet-derived factors, complement frag-
ments, as well as multiple danger signals rel-
eased from necrotic cells, damaged extracellu-
lar matrix and local tissue macrophages. The
first inflammatory cells to arrive to the fracture
site within the first 24 hours are neutrophils
[18].

Cytokines are a group of proteins known to reg-
ulate hemopoietic and immune functions, and
are also involved in inflammation, angiogene-
sis, and bone and cartilage metabolism. All of
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these processes occur following bone injury, or
are known to contribute to wound repair mech-
anisms. Interleukin-1 is expressed at very low
constitutive levels throughout the period of
fracture healing, but can be induced to high
activities in the early inflammatory phase (day
3). In fracture healing, monocytes are recruited
to the site of injury by IL-1 and TNF-a which acti-
vates M1 macrophages. The M2 macrophages
initiate an anti-inflammatory response in the
later stages of inflammation as they secrete tis-
sue repair signals (IL-10, and others), recruit
mesenchymal progenitor cells, induce osteo-
chondral differentiation, and prompt angiogen-
esis [19]. Our data showed decreased IL-1 beta
in the G1 and G3 groups. The TNF-alpha levels
were decreased in the G1 group. On the other
hand, we found a significant increase in IL-10
levels for G1 and G3 groups.

T-cells and B-cells seem to have cell-signaling
roles near the end of the inflammatory phase
and again during the mineralization phase [20].
T-cells produce RANKL during later stages of
the inflammatory phase to recruit, differenti-
ate, and activate osteoclasts, while B cells are
involved in suppression of the TNF-a pro-in-
flammatory signals and produce OPG, thereby
regulating osteoblast and osteoclastic differ-
entiation and activity [21].

Our study showed the presence of lympho-
cyte cells with weak and moderate immunos-
taining of RANKL in G1 and G3 groups, respec-
tively, but with strong OPG immunostaining in
G1 and G3 groups. These represent metabolic
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)

Figure 7. Levels of IL-1(, IL-10 and
TNF-a in (*P<0.05): GO group:
positive control (with defect and
no treatment); G1 Group: hydroxy-
apatite-treated group; G2 Group:
Zirconia-treated group; G3 Group:
80/20 zirconia/hydroxyapatite bl-
end treated group (ANOVA test fol-
lowed by Bonferroni), (*P<0.05),
(***P<0.001), (**P<0.01).

i st cells.

Osteocalcin is an osteoblast-
specific protein, and contains
three-carboxyglutamic acid re-
sidues which provide it with
calcium-binding properties. Os-
teocalcin has been suggest-
ed to participate in regulating
hydroxyapatite crystal growth.
Osteocalcin levels in plasma
depend on the formation of
new bone, and the concentra-
tion may be an indicator of the
activity of osteoblasts [22].
Our study showed an incre-
ase of osteocalcin in the G1
and G3 groups.

& &

All biomaterials elicit cellular and tissue res-
ponses when implanted in vivo. These respons-
es include the inflammatory and wound healing
responses, foreign body reactions, and fibrous
encapsulation of the implanted materials.
Macrophages are myeloid immune cells which
are tactically situated throughout the tissues,
where they ingest and degrade dead cells and
foreign materials, in addition to orchestrating
inflammatory processes. Macrophages and
their fused morphologic variants, the multinu-
cleated giant cells, which include the foreign
body giant cells (FBGCs), are the dominant early
responders to biomaterial implantation. The
foreign body reaction may impact biocompati-
bility of implantation devices and may consider-
ably impact short- and long-term success in tis-
sue engineering and regenerative medicine,
necessitating a clear understanding of the for-
eign body reaction to different implantation
materials [23].

FGF-2 regulates the expression of several mol-
ecules [24]. The basic fibroblast growth factor
(bFGF) regulate the proliferation of osteoblast-
like cells. Cells which migrated from central
bone explants of fetal calf calvaria expressed
markers which are characteristic of the osteo-
blast phenotype, including osteocalcin (bone
Gla protein) secretion and increased cAMP pro-
duction in response to treatment with PTH.
Bone cells proliferated in response to bFGF in a
dose- and time dependent pattern [25].

Nano-Hydroxyapatite (nHAp) is naturally pro-
duced by mineralizing cells during bone forma-
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tion and remodeling and is the main constitu-
ent of the skeleton. nHAp acts as an external
stimulus capable of generating specific chang-
es in the expression of a range of genes in
osteoblast lineage cells. Understanding the
mechanisms by which osteoblast-like cells rec-
ognize and respond to the generation of HAp in
the extracellular environment is relevant to
understanding the process of functional miner-
alization required for bone homeostasis. There
is a need for two specific HAp sensors in phos-
phate-transporters and Fgf receptors at the cell
surface, as well as the stimulation of specific
signaling proteins, Frs2a and Erk1/2, down-
stream of the membrane proteins. The nHAp
enhances the differentiation of osteoblast to-
ward terminally differentiated osteocytes [26].
The presence of Hydroxyapatite in G1 and G3
groups can stimulate proliferation and differen-
tiation of osteoblast (osteocalcin) for action in
FGF-2 pathways.

Hydroxyapatite (HAp) with the chemical formula
Ca,(PO,),0OH could be an excellent material for
bone replacement in surgical procedures for
human bone tissue repair. Reported values for
fracture toughness of pure HAp are in the range
0.5-1 MPa~Nm, while the corresponding values
for cortical bone are found in the range of 2-6
MPa.\/m, depending on the direction of applied
load [27].

Our work showed molecular characteristics
related to hydroxyapatite and zirconia/hydroxy-
apatite (80/20) scaffolds. We also highlight
some macroscopic features seen in the Micro
CT analysis. First, hydroxyapatite (G1) and zirco-
nia/hydroxyapatite (80/20) scaffolds (G3) have
their edges connected to the bone surface.
This can be seen in the sagittal and coronal
images for the hydroxyapatite (G1) and zirco-
nia/hydroxyapatite (80/20) scaffold (G3) gr-
oups. There was an increase in volume [BV/TV
(%)] and bone density (BMD mg/cm?) in the G3
group, close to the hydroxyapatite group (G1).
The low tenacity of hydroxyapatite was compro-
vate. In G1 group, the hydroxyapatite was found
broken (Figure, G1, sagittal and coronal, ar-
rows).

Fracture toughness refers to a material’s ability
to withstand cracking caused by a shock wave
crossing it. Ceramics with low elasticity (high
Young's Modulus) do not offer high resistance
to mechanical shocks compared to metals.
However, there is a type of ceramic preferred
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for applications where the user requires flexural
strength in addition to other mechanical prop-
erties: zirconium oxide (or zirconia), and in par-
ticular Y-TZP zirconia (yttria-stabilised zirconia)
or ATZ [28]. In the G2 group with zirconia Y-TZP
(yttria stabilized zirconia), it was possible to see
presence of fracture toughness; however, zirco-
nia Y-TZP was unable to bind with bone tissue.
Thus, the association zirconia/hydroxyapatite
(80/20) scaffold (G3) was able show fracture
toughness and bind with bone tissue.

Our study showed that zirconia/hydroxyapatite
(80/20) scaffold increased bone density, cell
bone osteoblast and osteoclast activity, pres-
ence of FGF-2, osteocalcin and OPG immunos-
taining, and increased IL-10 levels.
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