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ABSTRACT

Surface modification of surgical stainless steel implants by sol gel coatings has been proposed as a tool to
generate a surface that besides being protective could also create a “bioactive” interface to generate a
natural bonding between the metal surface and the existing bone. The aim of this work is to analyze
the quality and bone formation around hybrid bioactive coatings containing glass-ceramic particles,
made by sol-gel process on 316L stainless steel used as permanent implant in terms of mineralization,
calcium content and bone maturity with micro Raman, X-ray microfluorescence and X-ray absorption
techniques. Uncoated implants seem to generate a thin bone layer at the beginning of osseointegration
process and then this layer being separated from the surface with time. The hybrid coatings without
glass-ceramic particles generate new bone around implants, with high concentration of Ca and P at
the implant/tissue interface. This fact seems to be related with the presence of silica nanoparticles in
the layer. The addition of bioactive particles promotes and enhances the bone quality with a homoge-
neous Ca and P content and a low rate of beta carbonate substitution and crystallinity, similar to young

and mechanical resistant bone.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Orthopaedic devices for permanent implants required short
term fixation and fast bone attachment and healing. Also they
are required to have excellent mechanical properties in load bear-
ing sites and to be corrosion resistant. Metallic alloys used in sur-
gery share, in common, high mechanical resistance (Hastings,
1980) and high corrosion resistance in physiologic media mainly
due to the formation of a passive oxide film that reduces the corro-
sion rate by blocking the transport and the possible migration of
metallic ions from the base metal to the nearby tissue (Hanawa,
2004). Surface modification of surgical implants by sol gel coatings
has been proposed as a tool to generate a surface that besides being
protective could also allow the integration of the metal to the hu-
man body, generating a “bioactive” interface that has the ability of
create a natural bonding between the metal surface and the exist-
ing bone. It has been demonstrated that inorganic - hybrid SiO,
coatings, obtained from tetraethylorthosilicate (TEOS) and meth-
yltriethoxysilane (MTES) improve the corrosion behaviour of the
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AISI 316L stainless steel in biological environments (Ballarre
et al, 2007; Checmanowski and Szczygiel, 2008; Chou et al,,
2003). The hybrid layers of TEOS and other silanes are not bioactive
per se but if the coatings are also functionalized with a bioactive
ceramic or glass-ceramic from the CaO-SiO,-P,05 system, it has
been proved that the HA rate can be maximized (Holand, 1997;
Kokubo et al., 1992; Peitl et al., 2001). Silica is also known as a nat-
ural catalyst for hydroxyapatite formation (HA: Cajo (PO4)s(OH),),
showing bioactivity in vitro (Beck et al., 2012; Hing et al., 2006).
Bone is a composite material consisting of an organic compo-
nent of the matrix mainly type I collagen assembled fibrils, impreg-
nated and surrounded by small nano-particles of HA (Fratzl et al.,
2004). It is well established that bone mineral resembles a poorly
crystalline form of the HA, with contain other ions, especially car-
bonates (Harries et al., 1988). The analysis of in vivo formation of
new tissue at the interfaces of bioactive implants has been re-
ported using histological methods. Also the interfacial mechanical
properties, such as stiffness have been studied (Coathup et al.,
2001). Contributions of the mineral phase to the mechanics of bone
are investigated in great detail in terms of, for example, the degree
of mineralization. It has been demonstrated that mineralization af-
fects bone tissue mechanics, and therefore it is necessary to use
different techniques focused at the micro-nano structural and
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chemical level to determine degrees of tissue mineralization
(Currey, 2004). The use of soft (0.8-8 keV) X-ray microprobe (with
synchrotron radiation) with capabilities of chemical speciation by
micro-X-ray absorption spectroscopy (pt-XAS) and elemental map-
ping by X-ray microfluorescence ([1-XRF) allows to study heteroge-
neous samples at the micrometer scale in a non-destructive way
(Flank et al., 2006).

The aim of this work is to analyze the fixation and bone forma-
tion around bioactive coatings made by sol-gel technique on 316L
stainless steel used as permanent implant in terms of mineraliza-
tion, calcium content and bone maturity with micro Raman, X-
ray microfluorescence and X-ray absorption techniques. The effect
of having hybrid organic-inorganic protective silica based layer
with or without bioactive particles in terms of bone formation is
investigated.

2. Materials and methods
2.1. Materials

Stainless steel AISI 316L (Atlantic Stainless Co. Inc., Massachu-
setts, US) in form of cylinders of 1.3 mm diameter and 2 cm length
were used as substrates. The composition of the steel was: C 0.03%
max, Mn 2% max, Si 1% max, P 0.045% max, S 0.03% max, Ni 10-
14%, Cr 16-18%, Mo 2-3%, balance Fe. Samples were degreased,
washed with distilled water, and rinsed in ethanol before coating.

2.1.1. Preparation of the coating sols

Hybrid organic-inorganic sols were prepared with a silicon tet-
raethylorthosilane (TEOS, 99%, ABCR GmbH & Co, Germany), meth-
yltriethoxysilane (MTES, 98%, ABCR GmbH & Co, Germany) and a
water based solution with colloidal silica (LEVASIL 200A 40 wt.%,
Bayer, Germany), called from now on SiO,:col. The molar ratio of
the silanes were maintained constant (TEOS/MTES = 40/60), the
concentration of colloidal silica was 10 mol% with respect to the
total amount of silica and nitric acid (0.1 mol.L~') was used as cata-
lyser. The final silica concentration for both sols was 4.16 mol.L™".

2.1.2. Glass-ceramic (GC) particles and suspension

The glass-ceramic particles were made from a precursor glass
system SiO,-P,05-Ca0. Silica sand, calcium carbonate (Aldrich)
and orthophosphoric acid (Aldrich) were used as precursors. The
ratio of components was calculated in order to obtain the weight
concentration of CaO 47.29%, SiO, 35.69% and P,05 17.01% in the
final glass. The mixture was fused in a platinum crucible at
1600 °C in air atmosphere, and then quenched in water. The ther-
mal treatment of glass was made at 1050 °C for 2 h in an electric
furnace with the aim of obtaining apatite and wollastonite as crys-
talline phases. The GC obtained was milled in an agate planetary
mill (Fritsch Pulverisette, Germany), at a rotation speed of

a

1500 rpm for 4 h and the powder was sieved with Tyler screens
(grades 270, 325 and 600) to obtain a diameter size distribution
of less than 20 um. The particle suspensions were prepared by
the adding 10 wt.% of GC particles to the TEOS-MTES-SiO,:col sol.
The suspensions were stirred by a high shear mixing in a rotor-sta-
tor agitator (Silverson L2R, UK) for 6 min and 15 wt.% of solids of a
surfactant was added.

2.1.3. Coating

All the samples were prepared as a double layer system. A first
layer prepared with TEOS-MTES-SiO,:col sol was obtained at room
temperature by dip-coating at a withdrawal rate of 25 cm min~?,
dried at room temperature for 30 min, and heat treated for
30 min at 450 °C in an electric furnace. A second layer was made
applying TEOS-MTES-SiO;:col with or without 10 wt.% GC particles
on the top of the first one (called TMS and TMS-GC, respectively).
The withdrawal and thermal treatment conditions used was the
same as in the first layer. A scheme of coating deposition is shown
in Fig. 1, and the names of the samples used are detailed in Table 1.

2.2. In vivo experiments and analysis

2.2.1. Implantation

In vivo experiments were conducted in total in 6 Wistar — Hok-
kaido (WKAH/Hok) adult rats (weight 350 + 50 g), according to
rules of ethical committee of the National University of Mar del
Plata (Interdisciplinary Committee, April 2005/October 2010), tak-
ing care of surgical procedures, pain control, standards of living
and appropriately human methods of sacrifice of test animals.
Coated and uncoated wires were sterilized in autoclave for
20 min at 121 °C. Rats were anaesthetized with fentanyl citrate
and droperidol (Janssen-Cilag Lab, Johnson and Johnson, Madrid,
Spain) according to their weight and the region of surgery surface
was cleaned with antiseptic soap. The animals were placed in a su-
pine position and the implantation site was exposed. A region of
around 0.5 cm diameter was scraped in the femur plateau and a
hole was drilled using a hand drill of 0.125 cm diameter bur at
low speed. The implantation site was irrigated with physiological
saline solution during the drilling procedure for cleaning and

Table 1
Type of implants (coated samples) analyzed.

Sample name First layer Second layer

SS - -

TMS TEOS-MTES- TEOS-MTES-SiO5:col
Si0,:col

TMS-GC TEOS-MTES- TEOS-MTES-SiO5:col + glass-ceramic
SiOy:col particles (GC)

b

Fig.1. Graphic scheme of the hybrid coating system on AISI 316 stainless steel substrates: (a) TMS double coating, (B) TMS-GC double layer system.
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cooling proposes. The coated implants and uncoated wire implants,
as controls, were placed by press fit into femur extending into the
medullar canal. The animals were sacrificed with an overdose of
intraperitoneal fentanyl citrate and droperidol after 60 days and
the bone with implants were retrieved. Conventional X-ray radio-
graphs were taken before retrieving the samples for control
purposes.

2.2.2. Samples sectioning

The retrieved samples were cleaned from surrounding soft tis-
sues and fixed in neutral 10 wt.% formaldehyde for 24 h. Then they
were dehydrated in a series of alcohols (70%, 85%, 95% and 100%)
followed by a methacrylated solution and finally embedded in
poly-methyl methacrylate (PMMA) solution and polymerized for
7 days at 32 °C. The PMMA embedded blocks were cut with a
low speed diamond blade saw (Buehler GmbH) cooled with water.
Various sections were made according to the different analysis
requirements, with thickness varying from 80 to 250 pm.

2.2.3. Histological analysis

To observe the soft tissue and the bone lining cells, the histolog-
ical sections were stained with 20% Giemsa stain solution. The
stained samples sections were observed by optical light micro-
scope (Leica DM RXA2).

2.2.4. XRF and EXAFS measurements

XAS experiments were carried out at LUCIA beamline, Synchro-
tron Soleil, France (Flank et al., 2006). X-ray energy was selected
with a double Si (111) monochromator and X-ray beam was fo-
cused with KB mirrors apparatus down to 3 x 5 um?. Fluorescence
measurements were performed with a four elements silicon drift
detector (Xflash detector 5040, Bruker company). Elementary Fluo-
rescence Maps (following the intensity of the Ko line of Fe, Cr, Ca, P
and Si) were performed with steps of 3 um in vertical and horizon-
tal directions. Two excitation energies were used: 7200 eV (above
Fe K edge) or 4100 eV (above Ca K edge) in order to be sensitive to
the implant elements Fe, Cr or to the bone elements Ca, P and Si.
After mapping, EXAFS spectra were collected at Ca K edge
(4038 eV) and fluorescence mode on points of interest defined in
the marrow and the cortical zone of the bone. All measurements
were done in reflection mode, under vacuum and at room temper-
ature. For data evaluation, the ATHENA program was used, which is
included in the IFEFFIT package for XAS analysis.

2.2.5. Micro-Raman analysis

Two slices of the same section of each animal were analyzed by
Raman using a inVia spectrometer (Renishaw, UK) system
equipped with charge-coupled device (CCD) detector of
1040 x 256 pixels and coupled to a Leica microscope (DM-2500
model) (50x, 0.75 NA) with a computer-controlled x-y-z stage. A
diode laser line (785 nm) was used as excitation source in combi-
nation with a grating of 1200 grooves/mm. The laser power was
kept below 10% to avoid sample damage, employing one 30-sec
acquisition for each data point. The spectral resolution was
4cm™!, and the spectra were taken from 300 to 1800 cm™'. For
each bone sample, two sets of spectra were collected: one near
the implant in the newly formed bone zone, where the implant
was only in contact to the marrow, and other in the existing corti-
cal bone. Each set was comprised of a 4 x 5 grid of spectra that
were averaged and statistically analyzed.

For better understanding of the chemical and compositional
changes at the interface, line scans were collected starting from
the metallic implant, passing through the newly formed bone
and finishing in the marrow. The total length of the spectra was
200 pm, taking a spectrum every 10 um. The measurement

conditions were the same as for the previous scans (785 nm laser,
300-1800 cm~! scan, resolution 4 cm~!, 30 s acquisition time).

Background fluorescence in the spectra was subtracted by a
modified polynomial fitting algorithm. Peak intensities were re-
corded for amide I (1650 cm™!), amide III (1245 cm™!), B-type car-
bonate (1071 cm™'), v1 phosphate (960 cm '), and v2 phosphate
(430 cm™!) using a custom developed Matlab program. The min-
eral to matrix ratio was calculated based on the intensity ratio of
the v1 phosphate peak to either the amide I or CH2 wag, and the
v2 phosphate peak to amide III peak intensity. Carbonate concen-
tration in calcified tissues varies with the type of tissue (enamel,
dentine, bone), maturity, crystallinity, and the bone structural fea-
tures such as age and history of fracture. Vibrational spectroscopies
(infrared and Raman) are ideal methods for analyzing mineral
structure because they are sensitive to changes in crystallinity
and molecular substitution. The ratio of the carbonate peak to
the v2 phosphate peak gives the degree of carbonate substitution
in the lattice structure of the apatite (Awonusi et al., 2007). Mineral
crystallinity, a parameter of mineral maturation, was determined
as the inverse the width of the phosphate symmetric-stretch band
(vl POf{ at 960 cm™!) at the half the maximum intensity value
(FWHM 1) (Yerramshetty and Akkus, 2008). Changes in crystal size
and in lattice perfection are reflected in crystallinity measure ob-
tained by using Raman or infrared Spectroscopy since X-ray dif-
fraction methods demand high order of the samples. Specifically
for Raman spectroscopy Yerramshetty and co-workers have dem-
onstrated that the c-axis length of the crystals is correlated with
the mineral crystallinity (Yerramshetty et al., 2006).

3. Results and discussion

The hybrid organic-inorganic coatings applied by sol gel meth-
od on surgical grade stainless steel were homogeneous and with-
out evident defects or cracks on the surface, and they also
presented good adherence and attachment to the metallic surface
(Ballarre et al., 2009b). The barrier effect and corrosion behaviour
of these type of silica-based coatings was previously confirmed
(Ballarre et al., 2010), as well as their mechanical and adhesive
properties (Ballarre et al., 2008, 2009a). The nano-particles of
SiO, added to reinforce the films, filled the defects and holes pres-
ent in the silica network, thereby decreasing the porosity and the
conductivity of the surface (Montemor et al., 2006). Other possible
effect of the addition of amorphous silica into the coating is to pro-
mote the biological environment reaction. The use of silica gels as
apatite catalyzer and bone promoter was first proposed by Kokubo
et al. in 1990 and since then there has been an extended work in
this area (Kokubo et al., 1992; Li et al., 1992). The Si presence as sil-
icates at early stages of bone formation seems to be a key path for
enhance its kinetics and tissue quality (Matsko et al., 2011; Sea-
born and Nielsen, 1994). The combination of glass-ceramic parti-
cles with a controlled rate of dissolution of silicon, calcium and
phosphorous (Ohtsuki et al., 1992), are thought to play an impor-
tant role in bone formation around stainless steel implants.

X-ray fluorescence mapping is a useful technique to evaluate
Ca, Si and P distribution around the implant in the newly formed
bone. Fluorescence maps of the different implanted samples were
analyzed. Fig. 2 shows the Ca, P and Si concentration distribution
on a cortical bone region of 200 by 80 um of the analyzed femur
samples with a 3 pm step. Fig. 2(b) and (c) are optical and histolog-
ical images of the experimental region. It can be clearly seen the
typical bone structure, with Haversian canals (the lowest concen-
tration of Ca, P and Si, were the blood vessels run) and lamellar
bone (Dempster, 2005). According to the normalized fluorescence
maps, it can be noticed that Ca and P are uniformly distributed
in the cortical bone. The intensity minimum in the Ca and P maps
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Fig.2. (a) XRF mapping of different elements (Ca, P and Si) of the cortical region from the TMS sample. The x- and y-axis show a micrometer scale, whereas the color bars the
intensity of each pixel with the corresponding counts. (b) Optical and (c) histological images of the studied zone.

correspond to the Haversian canals. Silicon remains constant and
with a uniform intensity distribution in all zone. It is worth men-
tioning that using the 7200 eV excitation energy (above the Iron
K edge), Iron (Fe) and Chromium (Cr) were not detected in the cor-
tical bone (not shown) which means that there is no diffusion of
iron or chromium in the bone tissue.

The concentration of the principal elements related with the HA
(Ca and P) in the newly formed bone around the analyzed samples
are shown in Figs. 3 and 4. The location of the implant is pointed
out from the fluorescence maps with the high content of Fe and
Cr. The SS sample seems to create a bone-like interface between
the implant and the marrow cavity with a high Ca and P intensity
in the outer part of the tissue layer, as can be seen in Fig. 3. The
more mineralized bone seems to be created at the beginning of
the osseointegration process, and then being separated from the
implant. As the authors have discussed in previous related works
(Ballarre et al., 2012), early bone formation occurs on SS but it does
not progress in time.

Fig. 4 shows the Ca and P intensity maps distribution in the
formed tissue between the marrow cavity and the coated implants
for the TMS (a) and the TMS-GC (b) samples. The highest intensity
(proportional to concentration) of the ions related with apatite in
the TMS sample is near the implant, denoting that the growth or
mineralization is from the implant to the marrow. The TMS-GC
sample shows an almost uniform and high amount of calcium
and phosphorous, although the maximum values are in the same
range as for the TMS implant sample.

In order to evaluate the bone crystallinity around the implant
(marrow and cortical bone) we measured the absorption spectra
around the Ca K egde for SS, TMS and TMS-GC samples (Fig. 5). It
has been shown that the XANES part of the spectra (20 eV around
the absorption edge) can be linked to the bone crystallinity
(Laurencin et al., 2010). Indeed the relative intensities of the
pre-edge peak and the white line are finger print of atomic
ordering around the Ca atoms in the bone.

In the cortical part, the bone is well crystallized and thus can be
used as reference in order to estimate the mineralization of a new-
ly formed bone. The SS cortical spectrum presents an intense white
line associated to a weak pre edge. These two signatures can be
used as fingerprint of a well crystallized part of the bone. In oppo-
site, for SS new bone and TMS new bone, we can observe weaker
white line and stronger pre edge peak. This can be related to a
much less ordered HA structure. Finally the TMS-GC sample pre-
sents the same feature than the SS cortical, meaning that the crys-
tallization is well achieved in this region. This shows, again, that
the mineralization of the collagen matrix in the newly formed bone
depends on the interface surface and that it has different mineral-
ization profiles.

The EXAFS spectral region is a useful technique used to deter-
mine local molecular bonding environments of elements in min-
eral samples. The EXAFS spectrum contains information on the
type and number of atoms in coordination with absorber atoms,
their interatomic distances, and the degree of local molecular
bonding disorder. As was widely described (Dempster, 2005), bone
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Fig.3. Fluorescence maps for the SS sample implanted in rat femur for 60 days, of different elements (Ca, P, Fe and Cr) in the implant/new bone zone. The x- and y-axis show a
micrometer scale, whereas the color bars the intensity of each pixel with the corresponding counts. Optical image of the mapped zone at the right side of the figure.
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Fig.4. Fluorescence maps of Ca and P elements for the (a) TMS and (b) TMS-GC samples implanted in rat femur for 60 days. The x- and y-axis show a micrometer scale,
whereas the color bars the intensity of each pixel with the corresponding counts. Optical image of the mapped zone at the right side of the figure.

is a composite material with a mineral (some type of carbonate-HA phosphates with some ion substitution, which will growth with
nanocrystals) and an organic (collagen fibrils) part. Also bone is time and to be re-arranging as crystals. In the newly formed bone,
composed by a mixture of amorphous carbonate calcium a high disorganized structure it is expected to be found. Fig. 6
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Fig.5. XANES part of the Normalized Absorption spectra for: SS (the cortical zone);
and SS, TMS and TMS-GC in the newly-formed bone away from the implant. Inset:
detail of the pre edge intensity.

shows the EXAFS spectra and the results of the Fourier-Transform
of the three studied samples at the newly-formed tissue zone away
from the implant and the cortical bone as reference.

EXAFS oscillations are well defined up to 8 A~!. They are very
similar for the three samples but it can be seen much noise on
the SS new bone and TMS new bone sample which could be related
to a less ordered structure.

The first peak at around 2 A in Fig. 6 are related with the first
two shells of the Ca-O bonding, and the peaks at distance from 3
to 5A correspond to shells related to Ca-X unions (Laurencin
et al., 2011). In stoichiometric hydroxyapatite (not shown), there
are two peaks between 3.5 and 4.5 A where the first one is more
intense than the second, related with a long-range ordering of oxy-
gen, phosphorous and calcium atoms (Harries et al., 1987; Lauren-
cin et al,, 2010). In this case, all samples presented no evidence of
ordered shells beyond 3.5 A, caused by the nanocrystalline nature
of the apatite crystals in the bone structure, which leads to several
sites in the tissue of different environments (Laurencin et al.,
2010). In order to analyze clearly the Ca surroundings and the pos-
sible substitutions in the lattice, the determination of the relative
positions of the neighbouring nuclei should be done. This was

K(k)

0 2 4 6 8

k(A7)

not possible in the present work, due to the loss of the long-range
ordering after the two first shells, the organic-inorganic nature of
the sample and the presence backscattering electrons in the shells.
Qualitatively, it can be observed that there is almost no difference
between the cortical bone and the layer of tissue formed around
the SS and the TMS-GC implanted samples. That means that the
disorder of the structure, maturation and the carbonate substitu-
tion should be similar (Harries et al., 1987). The TMS sample has
a spectrum which is very similar to the one found for bone callus:
an unorganized network of woven bone formed at the end of a bro-
ken bone that is absorbed as repair is completed (provisional cal-
lus), and ultimately replaced by true bone (definitive callus)
(Westerman and Scammell, 2012). The raise in intensity of the
peak around 4 A in the SS cortical and TMS-GC samples, could be
related with the presence of an increasing degree of crystallinity
or growth of the nanocrystals of the bone samples (Peters et al.,
2000).

Another interesting tool for analyzing maturity and apatite
crystallinity is by microRaman spectroscopy. Raman spectra were
obtained and analyzed for the different bone tissue formed around
the SS, TMS and TMS-GC coated implants. Fig. 7 shows as an exam-
ple the spectra of three special regions of interest: metal bulk re-
gion, new formed bone and marrow, for the bone tissue analysis.
HA (hydroxyapatite, comercial) spectra was included for
comparison.

In the newly formed bone and the marrow zone there is embed-
ded material (PMMA) contained in the analyzed matrix. In the
marrow, the bands observed at 601, 814, 967, 988, 1454 and
1727 cm™! are associated with PMMA (Matsushita et al., 2000).
The most significant peaks of the bone tissue spectra are: the v1
PO, at 960 cm™!, v2 PO, at 430 cm™!, representing the phosphates
binding vibrations; CO%’ at 1071 cm™!, showing beta-carbonates
substitutions; and amide I 1643cm~' and amide III at
1245 cm™!, representing the organic collagen part of the bone tis-
sue. The weak peak at 1643 cm™! is amide I (Gamsjaeger et al.,
2010). The amide band I is mostly associated with the C=0 stretch-
ing vibration due to the presence of collagen (Kazanci et al., 2006),
that is present in a lot of organic compounds.

A Raman spectra line scan of 200 microns on the TMS sample is
shown in Fig. 8. The progression from the metal, going through the
newly formed bone near the implant and finishing in the marrow is
plotted to point out the difference in the phosphate peak
(960 cm™!) intensity and the peaks related with the embedded
material (PMMA, 810cm™!). As a way to compare the

0.8 -
. — S5 cortical
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Fig.6. EXAFS spectra and Fourier Transform magnitudes (Ca K-edge, EXAFS spectra) of the bone tissue of three analyzed samples showing the short-range environment of
calcium: SS of the cortical zone; and SS, TMS and TMS-GC in the newly-formed bone away from the implant.
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Fig.7. Micro-Raman spectra of three different zones in the TMS sample: The SS
implant, the newly-formed bone and the marrow with embedded material PMMA.
Commercially pure Hydroxyapatite is shown for comparison.

mineral/collagen relationship and to evaluate the maturity of the
bone tissue, several intensities of the Raman spectrum are ana-
lyzed. The calculated mean intensities of v1 PO4/amide I, v2 PO,/
amide III and CO3/v2 PO4 bands describe the chemical composition
of the bone material. The vl PO4 and amide [ bands are not only
dependent on the bone composition, but also on the structured ori-
entation (collagen fibrils) (Gamsjaeger et al., 2010). For this study,
the mineral to matrix ratio was calculated based on the v2 PO,/
amide Il ratio (both Raman bands are not dependent on spatial ori-
entation hence being related only to composition) (Gamsjaeger
et al,, 2010). Also it is worth to be notice that the v2 PO}~ band
is not affected by the presence of PMMA by overlapping of the Ra-
man bands, so there is no need of spectra corrections for the min-
eral-to-matrix and carbonate-to-phosphate calculations. The
choice of matrix band is dependent on the embedding conditions,
instrumentation, and its orientational sensitivity (or lack of) to-
ward mineralized collagen fibrils (Morris and Mandair, 2011).

Fig. 9(a) shows the comparison between the cortical and the
new formed bone for the three systems studied, regarding the ratio
mineral/matrix composition. There are no significant differences
between the calculated values for the , POi’/amide III ratio for
the cortex and the new bone at the different zones, but there is a

Distance /pum
8 o = =

8

-150 -100 -0 0 50 100 150

Distance / um

slight change with an increase of the values for the new tissue
for the TMS-GC coating. It is possible to be due to the presence
of deposited apatite at the surface, acting like a reservoir of Ca
and P ions to then nucleate at the collagen fibres and reinforce
the structure.

The presence of a carbonate band around 1070 cm ™' in the Ra-
man spectrum of the new bone formed (Fig. 7) is significant be-
cause it shows phosphate positions in the apatitic lattice are
susceptible to ionic substitution (B-type substitution). Raman mea-
surements of carbonate-to-phosphate (CO%’ V2 PO?,’) ratios can
provide valuable insights into the chemical composition and matu-
rity or aging of bones. In Fig. 9(b) the carbonate/phosphate substi-
tution for the analyzed samples was plotted. It can be seen that in
the case of the SS implant, the new bone formed is identically to
the cortical bone, denoting that the tissue was formed at early
stages and then remained stable. The coated materials (TMS and
TMS-GC) present less carbonate substitution comparing with the
cortical bone, what implies that the tissue is still young and con-
tinue developing in time. Maturity or carbonate-to-phosphate sub-
stitution could be related with mechanical resistance or tissue
stiffness.

In previous work (Ballarre et al., 2010), the mechanical proper-
ties such hardness and Young modulus of bone tissue were ob-
tained from nanoindentation test. This analysis was done
comparing cortical and newly formed bone around stainless steel
coated implants with glass-ceramic particles. The mechanical char-
acteristics of bone around non-coated implants was similar to the
cortex tissue. With a 10% content of silica nanoparticles in the pro-
tective layer and with bioactive particles, the newly formed bone
tissue in contact with the cortex (remodellation zone) is softer than
the newly formed bone in the marrow region and the indentation
modulus and hardness is much lower to the old cortical bone. This
implies that the newly bone in contact with the cortex also under-
goes remodelling process along with the cortical bone processes.

The strength of bone is not only dependent on the amount of
mineralization, but also on the degree of mineral crystallinity
and the optimal distribution of different crystal sizes (Donnelly
et al., 2010). The most experimentally accessible Raman measure
of mineral crystallinity is the width of the primary phosphate band
near 960 cm~'. A single Gaussian curve is usually used to fit the
phosphate band to obtain the inverse full-width half-maximal
(FWHM™) (Morris and Mandair, 2011). The value of the v1 PO}~
is affected by the presence of PMMA by overlapping the
960 cm~! band with the 967 and 988 cm™! ones from the C=0
component of the acrylic. But as all the samples were equally
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Fig.8. Micro Raman spectroscopy line scan for the TMS simple in the newly-formed tissue zone. (a) Optical image of the analyzed zone. The arrow shows the position and
direction of the scan. The total length of the line is 200 pm and the scale is in pm. (b) Sequence of Raman scans during the line.
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Fig.9. Comparison between the cortical and the new formed bone for the three systems studied (SS, TMS and TMS-GC) regarding: (a) the ratio mineral/matrix composition (»

POi’/amide III ratio), and (b) the degree of carbonate substitution (CO3/v2 PO?,’).

Table 2
Crystallinity of the different bone tissue.

Sample Cortical bone New formed bone
SS 0.0524 + 0.0004 0.0506 + 0.0008
TMS 0.0539 + 0.0005 0.05 £ 0.0004
TMS-GC 0.0519 + 0.0003 0.0511 £ 0.0004

The results are expressed as Mean # SD.

embedded and this ratio is calculated only for make a comparison
between the different conditions, the crystallinity parameter ob-
tained with the FWMH ! can be used. The obtained values for crys-
tallinity of the bone tissue around SS, TMS and TMS-GC implants
are shown in Table 2. It can be seen that in all the cases, the aver-
age crystallinity of the newly formed bone is less than the cortical
existing tissue. So in the new bone formed around the coated im-
plants, there is a reduced crystallinity and carbonate substitution.
The increase in crystallinity indicates that the crystals are more
mature and elongated. Increasing crystal dimensions may affect
bone mechanics by inducing residual stresses in their vicinities
(Yerramshetty and Akkus, 2008). Small crystals help to give the
new bone the necessary strength to support the mechanical solic-
itations that the system implant-bone is related to in the early
stages of fixation. In the case of the SS implant, the degree of car-
bonate substitution is similar to the cortical bone: non-stoichiom-
etric substitutions are known to modify crystal size, resulting in
microstrains within and around the crystal lattice (Handschin
and Stern, 1995).

The differences in the spectra and experiments found for the
bone tissue around the studied samples show the effect of the
interface or initial contact with the treated or not surfaces: when
there is no coating, an initial bone tissue is formed: partially min-
eralized but separated from the implant. The TMS coating clearly
induce bone formation and this tissue continue growing, but its
characteristics are of a young tissue. The incorporation of silica
nanoparticles are thought to act as nucleus for apatite formation,
starting with a silica gel formation layer (Li et al., 1993). The pres-
ence of silica (usually in silicates or silicic acid form), was dis-
cussed earlier by Carlisle and co-workers, claiming the presence
of Si in the active areas of early bone formation, showing a de-
crease of silicon content when the calcium content raises, at the
mineralization process starts to end (Carlisle, 1970). This process
is clearly improved with the presence of bioactive glass ceramic
particles from the SiO,-P,05-Ca0O system: the rate of dissolution
of the particles is not as high as with glasses, but the phosphates

and calcium ions could be slowly release to the media, creating a
continuous rich environment for apatitic deposition (Ohtsuki
et al.,, 1992, 1991).

4. Conclusions

The combination of glass-ceramic particles with a controlled
rate of dissolution of silicon, calcium and phosphorous, play an
important role in bone formation around stainless steel implants.
No migration of Fe and Cr was detected for the coated systems in
the new formed or in the cortical bone. Mineralized bone tissue
is formed around the uncoated implants, but it grows separated
from the implant. New bone, attached to the implant and with high
concentration of Ca and P close to the implant is found around the
samples coated with the hybrid system without glass-ceramic par-
ticles. The addition of bioactive particles to the coating enhances
the new bone quality, presenting an homogeneous distribution of
the Ca and P content in the bone together with a low rate of beta
carbonate substitution. These characteristics are analogous to the
ones corresponding to a young and mechanically resistant bone.
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