- .
Society For
Biomaterials

Effects of calcium phosphate composition in sputter coatings

on in vitro and in vivo performance

Eva R. Urquia Edreira,’ Joop G. C. Wolke,' Abdullah AlFarraj Aldosari,>® Sulieman S. Al-Johany,?3
Sukumaran Anil,>* John A. Jansen,'? Jeroen J. J. P. van den Beucken'

'Department of Biomaterials, Radboudumc, PO Box 9101, 6500 HB Nijmegen, The Netherlands

2Department of Prosthetic Dental Science, College of Dentistry, King Saud University, Riyadh, Saudi Arabia

3Dental Implant and Osseointegration Research Chair (DIORC), College of Dentistry, King Saud University, Riyadh, Saudi

Arabia

“Department of Periodontics and Community Dentistry, College of Dentistry, King Saud University, Riyadh, Saudi Arabia

Received 12 March 2014; accepted 17 March 2014

Published online 3 April 2014 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/jbm.a.35173

Abstract: Calcium phosphate (CaP) ceramic coatings have
been used to enhance the biocompatibility and osteoconduc-
tive properties of metallic implants. The chemical composi-
tion of these ceramic coatings is an important parameter,
which can influence the final bone performance of the
implant. In this study, the effect of phase composition of
CaP-sputtered coatings was investigated on in vitro dissolu-
tion behavior and in vivo bone response. Coatings were pre-
pared by a radio frequency (RF) magnetron sputtering
technique; three types of CaP target materials were used to
obtain coatings with different stoichiometry and calcium to
phosphate ratios (hydroxyapatite (HA), a-tricalciumphosphate
(a-TCP), and tetracalciumphosphate (TTCP)) were compared
with non-coated titanium controls. The applied ceramic coat-
ings were characterized by X-ray diffraction, Fourier trans-
form infrared spectroscopy, scanning electron microscopy,
and inductively coupled plasma optical emission spectros-
copy. The in vitro dissolution/precipitation of the CaP coat-

ings was evaluated using immersion tests in simulated body
fluid (SBF). To mimic the in vivo situation, identical CaP coat-
ings were also evaluated in a femoral condyle rabbit model.
TCPH and TTCPH showed morphological changes during 4-
week immersion in SBF. The results of bone implant contact
(BIC) and peri-implant bone volume (BV) showed a similar
response for all experimental coatings. An apparent increase
in tartrate resistant acid phosphatase (TRAP) positive staining
was observed in the peri-implant region with decreasing
coating stability. In conclusion, the experimental groups
showed different coating properties when tested in vitro and
an apparent increase in bone remodeling with increasing
coating dissolution in vivo. © 2014 Wiley Periodicals, Inc. J
Biomed Mater Res Part A: 103A: 300-310, 2015.
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INTRODUCTION

Calcium phosphate (CaP) based ceramics are commonly
used synthetic materials for bone substitutes and bone
implant surface modification.® Properties including biode-
gradability, bioactivity, osteoconductivity, and osteoinductiv-
ity make calcium phosphates biologically appealing implant
materials.”® Differences in dissolution behavior of bulk
ceramics are due to changes in chemical composition (CaP
phase) and have been associated with osteoinductive poten-
tial in vivo.* More specifically, hydroxyapatite (HA), trical-
cium phosphate (TCP), and biphasic calcium phosphate
(BCP) have shown different levels of osteoinductive capacity
that inversely correspond to their biological stability (i.e.
TCP > BCP > I—IA).4 However, because of the inferior mechan-
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ical properties of bulk CaP ceramics, their application under
load-bearing conditions is limited. Under load-bearing con-
ditions, CaP ceramics are used as coating on mechanically
strong bioinert implant materials, such as titanium (or tita-
nium alloy), for optimization of the interaction with bone
tissue at the interface.”

Compared with bulk ceramics, as-deposited coatings
possess distinctive network structures and properties (i.e.,
surface roughness, coating thickness, and crystallinity) and
therefore can evoke a different response in vivo. The most
commonly investigated synthetic CaP ceramic materials for
use as coatings are HA (Ca1o(PO4)¢OH;)®® and TCP
(Ca3(P04),).”'° These CaP-based ceramics differ in composi-
tion, crystal structure, and resorption rate. HA resorbs
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slowly and resembles more closely natural bone mineral
than TCP.!! Therefore, HA is more commonly used for medi-
cal application. Among CaP-based ceramics, tetracalcium
phosphate (TTCP; Ca0.Ca3(P0O,4);) has the highest solubility
at pH < 4.0 and is the only CaP ceramic with a Ca/P ratio
greater than HA.'?> TTCP is formed only by a solid-state
reaction above 1300°C and in aqueous solutions complete
hydrolysis of TTCP to HA occurs. However, very little
research has been done on the use of TTCP as a CaP coat-
ing"®!* and, to our knowledge, no attempts have been made
to evaluate the performance of either TCP and TTCP sput-
tered coatings in vivo. Nevertheless, this seems to be inter-
esting due to the suggested osteoinductive potential of the
various CaP phases.*

Plasma spraying of CaP ceramics onto metallic implants
has been commonly used for biomedical applications,
despite poor control of thickness, and surface morphol-
ogy.ls'17 However, radio frequency (RF) magnetron sputter-
ing has several advantages over plasma spraying of CaP
such as deposition of dense, uniform, and continuous coat-
ings that have high CaP coating-substrate bonding
strength.'® After sputtering onto a metallic implant, the stoi-
chiometry, CaP ratio, crystallinity, phase composition, and
structure of the CaP ceramic are different relative to the
bulk material. As a final step, post-annealing treatment is
necessary to crystallize the coating, which also influences
the final coating properties.'® The resultant coating proper-
ties might enhance implant fixation and the bone formation
processes.

The aim of this study was to evaluate the effect of CaP-
sputtered coatings with different phase composition on (i)
in vitro dissolution, and (ii) in vivo bone response. For this
purpose, three different CaP-based target materials (i.e. HA,
TCP, and TTCP) were used for coating preparation, after
which coating characterization, in vitro dissolution experi-
ments, and in vivo implantation in a rabbit femoral condyle
model (6 weeks implantation) were performed. We hypothe-
sized that different CaP-based target materials affect coating
properties and lead to coating-specific dissolution/precipita-
tion behavior in vitro and bone response in vivo.

MATERIALS AND MIETHODS

Materials

Commercially available pure Ti discs (thickness 1.5 mm,
diameter 12 mm) and cylindrical Ti implants (length 8 mm,
diameter 3.25 mm) were Al,03 grit-blasted before deposi-
tion. The target materials used in the deposition process
were HA granulated powder obtained from CAMCERAM®
(CAM Bioceramics, Leiden, The Netherlands) and a copper
disc provided with either a plasma-sprayed «-TCP or TTCP
coating (CAM Bioceramics, Leiden, The Netherlands). The
chemical composition and purity of the different target
materials was confirmed by X-ray diffraction (XRD).

Coating deposition and characterization

The coatings for this study were deposited using RF magne-
tron sputtering equipment (Edwards High Vacuum ESM 100
system, Crawford, England).'®?%?! Substrates were cleaned
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ultrasonically in acetone and ethanol before deposition to
remove impurities. Subsequently, substrates were placed on
a rotating holder. The distance between target and implants
was 80 mm. During deposition, argon pressure was kept at
5 X 102 mbar and a sputter power of 400 W with a coat-
ing thickness of 1 um was used. A non-coated implant was
used as control for the experiments.

After deposition, all coatings were subjected to an addi-
tional heat-treatment of 15 s in air at final heating tempera-
ture of up to 650°C in an infrared furnace (Quad Ellipse
Chamber, Model E4- 10-P, Research, MN).22 The following
ceramic coatings were generated:

1. HAH — Coating deposited
material + HT

2. TCPH — Coating deposited using o-TCP as target
material + HT

3. TTCPH — Coating deposited using TTCP as target
material + HT

using HA as target

CaP-coated substrates were characterized using scanning
electron microscopy (SEM, Jeol, SEM6310, Tokyo, Japan),
reflection Fourier-transform infrared spectroscopy (FTIR,
Perkin Elmer, Spectrum One, Groningen, The Netherlands)
and thin-film X-ray diffraction (XRD, Philips, PW3710, Eind-
hoven, The Netherlands). To determine the Ca/P molar
ratio, the coatings were dissolved in concentrated nitric
acid. After digestion, the samples were diluted to 5 mL of
1% HNO; and the solution was analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES,
iCAP 6000 Thermo Fischer Scientific) for Ca and P ions.

In vitro evaluation

The in vitro dissolution of the CaP-based coatings was eval-
uated in conventional SBF with an ionic composition almost
equal to human plasma.*® lonic concentrations of the SBF
were 142.0 mM Na®, 50 mM K*, 1.5 mM Mg?*, 2.5 mM
Ca®*, 147.8 mM Cl, 42 mM HCO3; % 1.0 mM HPO, ", and
0.5 mM SO, 2. Tris-HCl served as a buffer to maintain a
constant pH value of 7.4. The coated and uncoated discs
(three specimens per time period per type of CaP coating)
were immersed in 4 mL of SBF for 1, 2, and 4 weeks. In
total, 36 CaP-coated discs were immersed in SBF (n =3 for
HAH, TCPH, TTCPH and uncoated Ti-discs). SBF temperature
was maintained at 37°C and the solution was refreshed
weekly. At each time point, the discs were removed from
the SBF, washed with distilled water and dried at room tem-
perature. Subsequently, all discs were characterized using
XRD, FTIR, ICP-0OES, and SEM.

In vivo experiment

Animals and regulations. The research protocol for animal
experimental procedures was approved by the ethical com-
mittee of King Saud University (Riyadh, Kingdom of Saudi
Arabia), and national guidelines for care and use of labora-
tory animals were observed. A total of 20 New Zealand
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white rabbits (female; 6 months old) weighing between 3.2
and 5.1 kg were used.

Surgical procedure. Surgery was performed under general
anesthesia by intramuscular injections of a combination of a
dose of 35 mg/kg ketamine and a dose of 5 mg/kg xylazine.
The rabbits were immobilized on their back and the hind
limbs were shaved, washed and disinfected with povidone-
iodine. The left and right femoral condyles were then exposed
to a medial longitudinal incision. A hole (3.2 mm in diameter
and 8 mm in depth) was created in the center of the condyle
using a dental drill (KAVO, Intrasept 905, KAVO Nederland
BV, Vianen, the Netherlands). A 2 mm drill bit was first used
to establish a 2 mm diameter defect. The bone defect was
gradually widened to a final diameter of 3.2 mm. Debris was
removed from the defect by irrigation with physiological
saline solution. The implants were placed into the defects.
Subsequently, the periosteum and muscle were closed with a
continuous 4-0 Vicryl suture. Finally, the skin was closed with
continuous intracutaneous 4-0 Vicryl sutures. Post-surgery
pain was controlled for two days postperatively by the admin-
istration of Fynadyne® (Fynadine, Schering Plough Animal
Health Benelux, Utrecht, The Netherlands) intramuscularly. To
reduce the post-operative infection risk Enrofloxacin 5-10
mg/kg (Baytril, Bayvet Division, Chemagro Ltd, Etobicoke,
Ontario; 5-10 mg/kg) was administered. The implants were
randomized according to a balanced split plot design to
exclude the effect of implantation location and possible varia-
tions in individual rabbits. Each rabbit received two implants,
in total 40 implants were placed (n=10 for HAH, TCPH,
TTCPH, and uncoated implants). Rabbits were euthanized 6
weeks after implantation and the femoral condyles were har-
vested and fixed in 10% formaldehyde solution, and dehy-
drated in ethanol for evaluation.

Micro-computed tomography. For micro-computed tomog-
raphy, harvested femoral condyles were wrapped in paraf-
ilm® to prevent drying. For quantitative 3D analysis, all
specimens were vertically placed onto the sample holder,
with the long axis of the implant perpendicular to the scan-
ning beam, and scanned using Skyscan-1072 X-ray microto-
mograph, TomoNT version 3N.5, Skyscan®, Belgium.
Subsequently, a high resolution scan was recorded at a 30
pm voxel resolution. Then, using CT Analyzer (version 1.4,
Skyscan®), a cone beam reconstruction was performed onto
the projected files. The region of interest (ROI) was specified
for distinct areas starting at the implant surface: inner (0-
300 um), middle (300-600 pum), and outer (600-900 pm)
surrounding the implant over a constant length (4 mm).
Thereafter, for all images a threshold was manually selected
to discriminatively assign bone tissue and preserve its mor-
phology, while excluding the metallic implant material. Per
implant, the parameters of bone volume and tissue volume
were measured, after which the amount of bone volume per
zone was determined and expressed as a percentage.

Histological processing and analysis. Each specimen was
hemisected along the longitudinal axis of the implant with a
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diamond saw blade. Subsequently, one half containing the
implant was fixed in 4% formaldehyde for 2 days, dehydrated
in increasing ethanol concentrations (70%-100%) and
embedded in methylmethacrylate (MMA). After polymeriza-
tion in MMA, thin sections (10 pm) were sawed in a longitu-
dinal direction to the axes using a modified sawing
microtome technique.”* MMA sections were stained with
methylene blue/basic fuchsine, basic fuchsine was used to
color mineralized and unmineralized bone tissue (ie,
osteoid).>® Implants from the second half of the specimens
were carefully removed from the bone tissue to avoid inter-
face damage. Afterward, the specimens were decalcified with
a specific-purpose apparatus (TDE30, Sakura; Sakura Finetek
Europe B.V. Alphen aan den Rijn, The Netherlands) for 3
weeks, dehydrated through a graded series of ethanol, embed-
ded in paraffin and cut into sections along the longitudinal
axis of the implant. Using a microtome (Leica RM 2145), 5
pum thick sections were prepared and stained using elastica-
van Gieson (EVG), Masson-Goldner, and tartrate-resistant acid
phosphatase. All sections were examined with a light micro-
scope (Leica Microsystems AG, Wetzlar, Germany).

Histomorphometrical analysis. To evaluate the peri-implant
bone response, histomorphometrical analyses were performed
using a computer-based image analysis technique (Leica®
Qwin Pro-image analysis system, Wetzlar, Germany). Sections
of MMA-embedded specimens (n=3 per specimen) were
quantitatively analyzed for the percentage of bone-to-implant
contact (BIC) and peri-implant bone volume (BV). BIC was
defined as the relative implant surface distance at which direct
bone-to-implant contact was present. To determine the peri-
implant BV, three zones surrounding the implant were defined
starting at the implant surface, that is, inner 0-300 pm, mid-
dle 300-600 pum, and outer 600-900 pum over a length of 4
mm. Consecutive elastic-van Gieson stained sections were
used to verify assignment of tissue as bone tissue in the ROl

In addition, Masson-Goldner stained sections were ana-
lyzed (n=3 per specimen) to specifically determine the
presence of unmineralized bone matrix (i.e, osteoids) in
contact with the implant surface. To determine the presence
of osteoclast-like cells in a peri-implant region of 900 pm
(over 4 mm implant length) tartrate-resistant acid phospha-
tase (TRAP) staining was used. Results are presented as a
percentage of TRAP-positive stained sections of the total
number of sections analyzed.

Statistical analysis. All statistical analyses were performed
with GraphPad Instat® 3.05 software (GraphPad Software,
San Diego, CA), using analysis of variance (ANOVA) com-
bined with a post hoc Tukey-Kramer Multiple Comparisons
Test. Results were considered significant at p < 0.05. Chi-
square test was applied to assess the presence of TRAP-
positive staining.

RESULTS

Characterization and in vitro evaluation

Ca and P and the Ca/P ratio were determined by ICP-OES
(Table I). This analysis revealed that all the as-sputtered
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TABLE I. Nomenclature, Chemical Formula, and Ca/P Ratio of C
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aP-Based Ceramics

Nomenclature Chemical Formula Abbreviation Ca/P Ratio? Ca/P Ratio After HT?
Hydroxyapatite Caqo(PO4)s(0OH), HA 1.67 2.07 £0.01
a-Tricalcium phosphate Caz(P0O,), TCP 1.5 2.17 =£0.01
Tetracalcium phosphate Ca0-Caz(P0Oy), TTCP 2.0 2.30 = 0.01

®Theoretical Ca/P ratio.

PExperimentally determined Ca/P ratio by ICP-OES after coating deposition + heat treatment (HT).

and heat-treated coatings had a higher Ca/P ratio compared
with the theoretical value of the initial target materials. The
Ca/P ratio for HAH, TCPH and TCPH coating was in the
range of 2.07, 2.17, and 2.30, respectively.

Figure 1 shows the XRD patterns of the sputtered coat-
ings before, during and after 4 weeks incubation in SBF. The
XRD patterns of the as-sputtered coatings showed an amor-
phous structure without specific reflection lines (data not
shown). Heat treatment at 650°C changed the amorphous
structure into a more random apatite structure with peaks
at 25.9°, 31.9°, and 32.4° 20 (Fig. 1, lower lines). The XRD-
patterns of the HAH coating did not show any change
during the 4 week incubation period [Fig. 1(A)]. Typical
reflection peaks at 25.9°, 31.7°, 32.0°, and 34.0° 20 were
attributed to the apatite phase. After 4 weeks incubation,
the XRD patterns of the TCPH [Fig. 1(B)] and TTCPH coat-
ings [Fig. 1(C)] showed an increase in crystallinity with
more intense CaP diffraction peaks.

The phase composition was confirmed by the FTIR anal-
ysis. HAH coating showed bands at 1090, 1050, 970, 670,
and 575 cm ™!, which were assigned as the stretching and
bending motion of phosphate characteristics for hydroxyap-

atite [Fig. 2(A)]. These P—O bonds remained present and
unchanged throughout the four weeks incubation in SBE
For the spectrum of the TCPH and TTCPH coatings [Fig.
2(B,C)], the bands present at 1090, 1050, 670, and 575
cm ' split up into sharper bands. Furthermore, carbonate
apatite (CO3-AP) bands became apparent at wavelengths of
1454 and 1404 cm ' with increasing incubation time,
revealing that carbonate was mainly substituting for phos-
phate anions in a crystalline CaP environment.

Scanning electron micrographs of the heat-treated and
SBF incubated coatings are shown in Figure 3. SEM exami-
nation of the heat-treated coatings showed a homogeneous
layer and a complete coverage of the substrate surface.
After two weeks incubation in SBF, TCPH, and TTCPH coat-
ings showed morphological changes. For both coatings, local
surface dissolution was observed, precipitates formed, and
in the case of TTCPH coating the precipitate had a rod-like
morphology (Fig. 3, higher magnification). This heterogene-
ous morphological appearance for TCPH and TTCPH coat-
ings was maintained up to 4 weeks incubation. On the other
hand, HAH coatings did not show any morphological
changes during the 4 weeks incubation in SBE.
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FIGURE 1. XRD pattern of HAH (A), TCPH (B), and TTCPH (C) coatings after 0, 1, 2, and 4 weeks of immersion in SBF.
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FIGURE 2. Fourier transform infrared of HAH (A), TCPH (B), and TTCPH (C) coatings after 0, 1, 2, and 4 weeks of immersion in SBF.

FIGURE 3. Scanning electron micrographs of HAH, TCPH, and TTCPH coatings after immersion in SBF for 0 (magnification 1000x), 2, and 4
weeks (magnification 4000X). Right panels show higher magnifications (10,000x) of the 4 week specimens.
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FIGURE 4. Calcium and phosphate ion concentration of the SBF solution during the 4-weeks incubation period of the different experimental
coatings. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Changes in the concentration of calcium (Ca™*) and phos-
phate (P0,®7) ions in SBF of the CaP coatings during the
4-week incubation period are shown in Figure 4. HAH coat-
ing had stable Ca™ ion concentrations during the first
3 weeks of incubation, after which the concentration of Ca™
ions in SBF decreased. For the TCPH and TTCPH coatings,
Ca™ ion concentration increased over the first 2 weeks of
incubation with a subsequent stabilizing Ca* ion concentra-
tion. HAH coatings showed an increase of PO,*>~ ion concen-
tration during the 4-week incubation. TCP coatings showed
an increase of PO,>” ion concentration during the first
2 weeks, after which the concentration in SBF solution

decreased. TTCPH showed an increase of PO, ion concen-
tration during the first 3 weeks, after which the concentra-
tion decreased.

General observations of in vivo implantation

All 20 animals remained in good health and did not show
any wound healing complications. At the end of the implan-
tation period, a total of 40 implants were harvested. At
retrieval, no signs of inflammatory or adverse tissue reac-
tion were observed around the implants. Post-mortem radi-
ographs as obtained via micro-CT imaging revealed that the
implants were located in trabecular bone [Fig. 5(A-C)].
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FIGURE 5. A: Surgical procedure of the titanium cylinder inserted in the femoral condyle of a rabbit. Post-sacrifice radiographs obtained with
micro-computer tomography showing that the implants (i.e., metallic structures appear white) were mainly located in trabecular bone. B: cross-
sectional view. C: top view of the implant. D: Results of micro-computed tomography (microCT) analysis of peri-implant BV percentage for the
different experimental implants (non-coated, HAH, TCPH and TTCPH) in three different zones: inner (0-300 pm), middle (300-600 um), and outer
(600-900 pm). *p<0.05 and **p<0.01. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6. Representative histological sections (methylene blue/basic fuchsin stain) of the different experimental implants (non-coated, HAH,
TCPH, and TTCPH) after 6 weeks of implantation in the femoral condyle of rabbits. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Micro-CT analysis

Peri-implant BV measurements were performed for three
different regions of interest: 0-300 pm (inner), 300-600
pm (middle), and 600-900 pm (outer). Mean BV of the
inner, middle, and outer zone are depicted in Figure 5(D).
As a general trend, the highest BV (range: 43%-49%) was
observed in the inner zone, intermediate BV (range: 31%-
37%) in the middle zone and the lowest BV (range: 26%-
35%) in the outer zone. Additionally, statistical analyses
showed significant differences in BV for the inner zone com-
pared with the middle (12.2%, p<0.01) and outer zone
(17.7%, p < 0.01) for HAH coatings and for the inner zone
compared with the middle (9.2%, p < 0.05) and outer zone
(13%, p < 0.01) for the TCPH coatings.

Descriptive histological evaluation

Histological examination was performed to evaluate the
peri-implant bone response using MMA-embedded and
paraffin-embedded sections.

MMA-embedded specimens stained with methylene blue/
basic fuchsin (MB/BF) showed no indications of an inflamma-
tory response at the implant interface. MMA-embedded speci-
mens showed new bone formation around and bone apposition
to all experimental implants. The non-coated implants had appa-
rently less new bone formation around the implant than the
HAH, TCPH and TTCPH coated implants (Fig. 6).

Results from Elastica-van Gieson (EVG) staining per-
formed on the paraffin embedded specimens showed bone
formation and bone apposition around all coated implants
[Fig. 7(A)]. Masson-Goldner staining showed presence of
immature new bone tissue (osteoid; unmineralized; red
staining) as well as mineralized bone tissue (blue staining)
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at all the implant-tissue interface [Fig. 7(B)]. Furthermore,
specimens displaying TRAP-positive staining contained
osteoclast-like cells mainly close to the interface region of
the implants [Fig. 7(C)].

Histomorphometry

BIC data for the different experimental groups are shown in
Figure 8(A). The results of BIC measurements showed a
similar response (values range: 60%-69%) for all experi-
mental coatings.

Peri-implant BV was measured for distinct zones in the
peri-implant region [Fig. 8(B)]. Significantly higher peri-
implant BV was observed in the vicinity of the implant sur-
face of the inner zone 0-300 pm compared with middle
300-600 pm for the HAH coating (difference 16.6%,
p < 0.05) and TTCPH coating (difference 13%, p < 0.05). Fur-
ther, similar peri-implant BV were found between the groups
for individual zones in the peri-implant region (p > 0.05).

Osteoid-implant contact values were within a range of
38%-46% without significant differences between the
experimental implants [Fig. 8(C)]. TRAP-positive staining
was present in 17% of the sections of non-coated, 40% of
the sections of HAH, 60% of the sections of TCPH, 75% of
the sections of TTCPH coated implants (Table II). Although
a higher percentage of TRAP-positive staining was found in
coated than non-coated specimens, no statistical differences
were found (p > 0.05).

DISCUSSION
The aim of this study was to evaluate the effect of phase
composition of different CaP-sputtered coatings prepared
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FIGURE 7. Histological sections after 6 weeks of implantation in the femoral condyle of rabbits: A: Elastica-van Gieson stain of the different
experimental implants (non-coated, HAH, TCPH, and TTCPH). White area represents the original implant location; implants were removed for
subsequent decalcification, paraffin-embedding and sectioning. B: Masson-Goldner stain at a higher magnification of the interface. C: Tartrate-
resistant acid phosphatase positive staining at a higher magnification that shows the presence of osteoclast. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

with different CaP target materials on (i) in vitro dissolu-
tion, and (ii) in vivo bone response. We hypothesized that
CaP-based target materials would lead to coating-specific
dissolution/precipitation behavior in vitro and bone
response in vivo. This study showed that the initially depos-
ited coatings all have a similar apatitic structure based on
XRD and FTIR analyses. However, when tested in vitro, the
experimental groups showed different dissolution/precipita-
tion behavior. Furthermore, results from the in vivo test
showed that despite similar BIC and peri-implant BV for all
experimental implants, the presence of TRAP-positive stain-
ing in the peri-implant region suggests an apparent increase
in bone remodeling around the implant surfaces with
increasing coating dissolution (i.e, TTCP > TCP > HA).

In this study, sputtered coatings with specific CaP con-
tent and properties were obtained using various starting
CaP targets with different stoichiometry (i.e, HA, a-TCP, and
TTCP). Phase purity of these targets was confirmed by X-ray
diffraction patterns. SEM examination showed that all as-
sputtered and heat treated coatings had a homogenous and
dense structure. XRD measurements revealed that all the as-
sputtered coatings were amorphous. In accordance with
previous studies, after an additional heat treatment, the
XRD of all the sputtered coatings changed to a random apa-
tite structure.?*™2® Ca/P ratios of all coatings were higher
than initial Ca/P ratios of the corresponding target materi-
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als as demonstrated by additional ICP-OES measurements
(Table I). The higher Ca/P ratio of these coatings can be
explained by preferential sputtering of calcium in growing
films,?” and by the fact that orthophosphate ions are more
volatile than calcium ions during sputtering and are pumped
away before being deposited on the substrate.*?”~*° In par-
ticular, TCPH had a higher Ca/P ratio than expected, which
may be due to more orthophosphate ions in TCP than in HA
or TTCP. Although several studies have examined the proper-
ties of HA and B-TCP sputtered coatings,°* as far as the
authors are aware, only one study has been published deal-
ing with TTCP sputtered coatings.'®

Solubility of the various types of coatings was investi-
gated during in vitro incubation in SBE. Calcium and phos-
phate ion deposition and formation of a calcium phosphate
layer when exposed to SBF are necessary to initiate the
growth of bone-like apatite on biocompatible implants. Sur-
face morphological differences were already observed for
the TCPH and TTCPH coatings after two weeks of immer-
sion indicating that precipitation had occurred. FTIR and
XRD analyses revealed that the precipitate observed on the
TCPH and TTCPH coatings was carbonate apatite, the
amount of which increased with immersion time in SBF,
while the HAH surface remained unchanged. Calcium and
phosphate ions are released due to local surface dissolution
of TCPH and TTCPH coatings, which supersaturates the SBF
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promoting apatite nucleation and subsequently apatite pre-
cipitation. This phenomenon was not observed for the HAH
coating, but several studies of CaP precipitation have dem-
onstrated that the dissolution rate of o-TCP and TTCP is
higher than that of hydroxyapatite.®*° After heat treat-
ment, a different calcium phosphate phase could be
expected for each CaP coating given the initial differences in
Ca/P ratio of the target material. However, XRD measure-
ments revealed that the heat treatment only induced a ran-
dom apatite structural formation for all the as-sputtered
coatings. It could be argued that the energy during heat
treatment requires adjustment for individual CaP phases to
achieve a more crystalline phase for each coating type in
the present study. Also, the differences in coating dissolu-
tion are likely due to differences in atomic organization at
the surface and the fraction of the as-sputtered CaP coating
that was crystallized after the additional heat treatment.
The chemical composition of the coating surface is
important, because the implant surface is the level at which
the bone healing process starts. The femoral condyle rabbit
model was chosen for the in vivo study because of its fast
healing response and for comparison with other studies
performed in our laboratory.*® Previous work using RF mag-
netron sputtering to prepare bioactive CaP coatings showed
accelerated implant stability by promoting rapid implant to

308 URQUIA EDREIRA ET AL.

bone fixation in different animal models, using rabbits,3¢-38

goats,32'39""0 dogs,“'“‘ rats,A‘5 and primates.46 A recent
study showed favorable effects of CaP sputter-coatings on
the bone implant interface in an osteoporotic rat model.*®
However, in this study, measurements of BIC 6 weeks after
implantation in the rabbit model showed no significant dif-
ferences between CaP coatings and non-coated implants.
Previous studies on BIC found similar results using the
same animal model, coating technique, and implantation
time.3%38 there is no difference in BIC
between HA coatings and uncoated implants according to a
recent review by Surmenev® on plasma-assisted CaP coat-
ings fabrication methods. Only one study has shown higher
BIC for crystalline HA coated implants 6 weeks after
implantation in femoral bone in rabbits compared with non-

Furthermore,

TABLE Il. Percentage of Specimens with TRAP-Positive Pres-
ence at the Region Close to the Interface

TRAP-Positive

Groups Presence Percentage
Non-coated 17%
HAH 40%
TCPH 60%
TTCPH 75%
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coated control implants.®” To date, no studies have reported
on TTCP-sputtered coatings upon in vivo implantation. The
absence of an effect of the various CaP coatings on BIC can
be due to the chosen implantation time. After 6 weeks of
implantation, bone healing in a rabbit will be almost com-
pleted. Therefore, it is recommended to include shorter
implantation times in future studies to allow for the obser-
vation of a possible effect during the initial stage of
implant-bone healing. On the other hand, the results of this
study showed differences in peri-implant BV formation in
the inner 0-300 um compared with middle 300-600 um for
the HAH and TTCPH coatings. Furthermore, there is an
apparent increase in TRAP-positive staining percentage,
which represents the presence of osteoclast-like cells, with
decreasing coating stability. These results on BV formation
and TRAP-positive staining indicate that variation in coating
chemistry influences bone remodeling process directly adja-
cent to the implant surface.

Chemical composition and structural properties have
been related with the osteoinductive capacity of CaP bulk
ceramics in literature. The chemical composition is often the
first coating parameter to be modified in studies. In a recent
study, functionalized nanotopographic geometries on the
surface of HA coated titanium implants were placed in het-
erotopic sites.*” Induction of bone formation and regulation
of gene products were observed to be functions of substrate
topography, which dictated biological patterns.*” Ripamonti
et al.*” conducted their study in heterotopic intramuscular
sites, while CaP coatings were implanted in bone tissue in
this study. The difference in implant location between this
study and Ripamonti et al.*” makes direct comparison inap-
propriate. However, the results of this study suggest that
varying CaP stoichiometry gives different degrees of bone
remodeling. In view of the results of Ripamonti et al,*” sur-
face topography appears hierarchically superior to CaP stoi-
chiometry for osteoinductive capacity of CaP-based ceramic
coatings. However, supplementary chemical composition
seems to represent a small but important approach to fur-
ther influence peri-implant osteogenic processes.

CONCLUSION

This study has shown that differences in Ca/P ratio in sput-
ter targets influence dissolution and precipitate formation
of the resulting CaP coatings when tested in vitro. The in
vivo study showed that neither peri-implant BV nor BIC
were significantly affected in relation to different CaP coat-
ings. However, the presence of TRAP-positive staining in the
peri-implant region suggests increased bone remodeling
around CaP-based coatings with lower stability (ie.,
TTCPH > TCPH > HAH > non-coated controls). Future
research should focus on combining critical surface parame-
ters, e.g. coating composition and surface topography, to
optimize surface properties for bone implants.
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