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Biologizing titanium alloy implant material with
morphogenetically active polyphosphate

Werner E.G. Miiller™®, Emad Tolba®, Heinz C. Schréder®, Shunfeng Wang®, Gunnar Glasser®, Birbel
Diehl-Seifert® and Xiachong Wang®®

As a further step towards a new generation of bone implant materials, we developed a procedure for biological
functionalization of titanium alloy surfaces with inorganic calcium polyphosphate (Ca-polyP). This polymer has been
demonstrated to exhibit morphogenetic activity. The coating of titanium oxidized Ti-6Al-4V scaffolds with biologically
active amorphous Ca-polyP microparticles is formed by ca® ion bridges to the silane coupling agent APTMS. This surface is
durable and stable as an almost homogeneous Ca-polyP layer onto the metal. The homogenously coated Ca-polyP titanium
scaffold was found to be biologically active and supported the growth and functional activity of bone cell-related Sa0S-2
cells despite of the reduced surface roughness, while the non-modified titanium surfaces are biologically inert.
Quantitative qRT-PCR experiments revealed that the Ca-polyP coated titanium alloy markedly increased the steady-state
levels of transcripts of the two marker enzymes involved in initiation of bone mineral deposition, the carbonic anhydrase
IX and the alkaline phosphatase. The innovative coating of titanium alloy with Ca-polyP offers a promising technique for

the fabrication of morphogenetically active bone implants with advantageous mechanical and regeneration-inducing

properties.

Introduction

Skeletal defects, resulting from traumatic, infectious, congenital or
neoplastic processes, have been tried to be restored by a series of
approaches, starting from the Greek/Roman time (reviewed in:
ref.l). Orthopedic implants are inserted when non-surgical methods
of treatment failed. In order to reconstitute bone defects with the
aim to stabilize the failure, traditional inorganic materials, e.g. gold,
silver, lead and aluminum have initially been used, which turned
out to be too weak, or iron, steel, copper etc have been applied,
which showed adverse responses. In parallel alloplastic materials,
both of biological (ivory, corals) and non-biological origin (metal,
ceramics, and plastics) have been tried. However, it has always
been the imagination to fabricate an implant that has the property
to allow reconstitution of the bone defect by regeneration followed
by functional recovery. Surely autografts, using bone grafts from
the same individual will remain the “gold standard”;2 in addition,
successful approaches and processes have been developed and
outlined using allografts, consisting of autogenous bone material
from a different individual as well as xenografts, taken from species
other than human e.g. corals, to substitute and repair bone
defects.?
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In line with other major prerequisites for being a suitable
regeneratively active scaffold, to be biodegradable and likewise
osteoinductive,’ as well as to allow the adjustment of the
mechanical properties of the implant material towards the
bordering bone tissue, we developed a morphogenetically active
inorganic scaffold material, which is based on amorphous
polyphosphate (ponP).S’6 Following the basic principles of
morphogenesis, polyP is not only related but also directly involved
in the development of normal organic patterns and tissues.
Previously it has been described that polyP regulates cell-specific
differentiation processes, like the formation of mineral depositions
onto bone-forming osteoblasts with the model cell line Sa0S-2 cells
and the induction of the alkaline phosphatase (ALP) and shifts the
OPG (osteoprotegerin):RANKL (receptor activator of nuclear factor
kB ligand) ratio towards anabolic, osteoblast pathway and by that
inhibits the function of osteoclasts, using the model cell line RAW
264.7 (reviewed in: ref.e). In addition, polyP induces the genes
encoding for the bone morphogenetic protein-2 (BMP-2) and the
scaffold structural filamentous system, the coIIagens.7 Recently,
amorphous polyP-based nanoparticles as well as microparticless’9
could be prepared that act not only in an anabolic way on the
osteoblast system, but also provide metabolic fuel for their target
cells, like the osteoblasts, and cause an elevation of the intracellular
level of ATP as well as an increase in the number of mitochondria.’
First animal studies with amorphous polyP particles indicate that
also in vivo this inorganic polymer causes a structured re-
organization of damaged bone tissue by accelerating a controlled
regeneration of bone defects (Miller et al. submitted).
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Since on the one hand, polyP is a versatile biopolymer that is
morphogenetically active (see above) and can be used for the
fabrication of implants by computer-based bioprinting
processesn‘12 and on the other hand, titanium is likewise a basic
material for the production of implants, by application of computer-
based metal laser sintering technologies,13 it was attractive to solve
the problem of coating of titanium oxidized Ti-6Al-4V scaffolds with

polyP. This alloy allows the attachment and functional
differentiation of cells."* This task was solved by coupling of polyP
to Ti-6Al-4V via a silane coupling agent, after

etching/functionalization of the aIon.14 The metal surface — after
coating with polyP — turned to a biologically active platform for
Sa0S-2 cells that have bone cell-related properties.15 The titanium
alloy presents a suitable matrix for bone-like Sa0S-2 cells to grow
onto and — even more — to induce them, in contrast to the
untreated titanium scaffolds to express key enzymes, the carbonic
anhydrase IX (CA IX) and the alkaline phosphatase (ALP) in the
initiation of enzyme-induced bone mineral deposition. Based on the
data gathered, the herein described coated titanium scaffolds
appear to be promising material for the fabrication of high-
precision  implants  with regeneration-eliciting
characteristics.

innovative

Material and Methods

Materials

Sodium polyphosphate (Na-polyP) with an average chain length of
=40 phosphate units was obtained from Chemische Fabrik
Budenheim (Budenheim; Germany).

Ti-Ca-polyP discs

Titanium alloy (Ti-6Al-4V) disks (15 mm in diameter and 2 mm in
thickness),13 Biocare (Goteborg;
Sweden). Prior to use they were polished with emery paper (silicon
carbide; Matador [Hoppenstedt, Darmstadt; Germany]) followed by
ultrasonic cleaning in distilled water, and subsequently washing in
acetone (10 min) and in 40% ethyl alcohol solution (15 min), and
finally rinsing in distilled water for 20 min. The samples were dried
at 50°C for 24 h. Then titanium alloy discs were incubated in 20 mL
of 5 M HCI at room temperature for 6 h.'® After gentle washing in
distilled water the discs were dried at room temperature and the

were obtained from Nobel

treated disc samples were overlayed with Ca-polyP nanoparticle
suspension in the presence of the silane coupling agent (3-
aminopropyl)trimethoxysilane [APTMS] (Sigma-Aldrich,
Taufkirchen; Germany; # 281778).17’18 Ca-polyP microparticles were
fabricated as described.? In brief, the Ca-polyP suspensions were
prepared by mixing of 0.5 g of Na-polyP with ATPMS solution (1 wt
%) in 100 ml water; then 0.1 g Ca’*-chloride dihydrate (CaCl, ¢
2H,0) was added. The titanium disks were incubated in the above
suspension for 3 h at a 90°C; under those conditions a colloidal
suspension was initially formed. The pH of the environment was
adjusted to 8.0 to allow binding of polyP to the silane-etched
titanium discs via Ca®* ionic bonds/bridging. The samples remained
in this suspension for 1 d. The influence of two different ATMPS
concentrations (1 mg/assay and 2 mg/assay, respectively) on the
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morphology of the coat formed onto the titanium surface was
studied. Finally, the specimens, titanium-Ca-polyP (Ti-Ca-
polyP)discs, were removed and dried at 100° C (Fig. 1).

For the experiments, shown here, we were using either
untreated titanium alloy discs “untreated titanium discs”, or those
discs coated with polyP “Ti-Ca-polyP discs”.

@ Silane coupling agent (APTMS)

A Dehydration/condensation
o (90°C) NH;

Ti-BAI-4V

Step 2: polyP coating (100°C)

Fig. 1 Binding of polyP to titanium discs using the silane coupling
agent APTMS (scheme). The titanium alloy Ti—6AI-4V is etched with
HCI and the hydroxyl groups, exposed onto the titanium discs, are
cross-linked with the silane coupling agent APTMS that forms ca’-
bridges to polyP. After dehydration/polycondensation the coupling
agent still contains a free, reactive amine group that might be used
for further coupling to active components, e.g. via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide. During this process the metal
surface is covalently linked with the silane that in turn allows
binding of polyP via Ca®* ionic bridges.

Routinely, and if not mentioned otherwise, discs prepared with
the higher proportion of APTMS during coating with Ca-polyP were
used for the studies.

Durability of the Ca-polyP coat

The stability and the durability of the Ca-polyP coat around the
titanium discs were quantified by determination of the Ca®' release
from the discs. The control discs, as well as the Ti-Ca-polyP discs
were submersed in simulated body fluid (SBF), as described™® but
omitting Ca®t as component; the pH was adjusted to 8.0. The assay
volume was 1 ml and incubation was performed at 37°C. The ca®
concentration was determined by applying the complexometric
titration method;20 the reagent Eriochrome Black T was used
(Sigma-Aldrich; # 858390). The surface thickness of the polyP coat
on one plane of the discs was determined microscopically to be = 5
um. In turn, the total amount of Ca-polyP (density of = 3 g/ml) on
one plane of the discs revealed a value of = 2.4 mg.

This journal is © The Royal Society of Chemistry 20xx
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Where indicated, 5 pg of alkaline phosphatase (ALP) from
bovine intestinal mucosa (Sigma; # P0114; 26,500 DEA units/mg
protein) was added to the reaction mixture.

Microscopic analysis

The light microscopic inspection of the discs was performed with a
VHX-600 Digital Microscope from KEYENCE (Neu-lsenburg;
Germany), equipped either with a VH-Z25 zoom lens (25x to 175x
maghnification) or a VH-Z-100 long-distance high-performance zoom
lens (up to 1000x magnification). The surface roughness was
measured by using the KEYENCE VK-analyser software. For the
scanning electron microscopic (SEM) analyses a HITACHI SU 8000
electron microscope (Hitachi High-Technologies Europe GmbH,
Krefeld, Germany) was employed.

For scanning electron microscopy (SEM), an SU 8000 instrument
(Hitachi High-Technologies Europe, Krefeld, Germany) was
employed at low voltage (1 kV) as described.”

Energy dispersive X-ray spectroscopy

Energy dispersive X-ray (EDX) spectroscopy was performed with an
EDAX Genesis EDX System attached to a scanning electron
microscope (Nova 600 Nanolab; FEI, Eindhoven, the Netherlands)
operating at 10 kV with a collection time of 30-45 s. Areas of
approximately 5 umz were analyzed.

EDX Hypermapping was performed with the Hitachi SU 8000
microscope21 coupled with a Bruker XFlash 5010 detector. This
combination of devices was applied at 10 kV, in order to acquire an
elemental map of the deposits on the surfaces. The HyperMap
database was used for interpretation, as described.?

Cultivation of Sa0S-2 cells

Bone cell like Sa0S-2 cells (human osteogenic sarcoma cells)15 were
cultured in McCoy’s medium (Biochrom-Seromed, Berlin, Germany;
consisting of 1 mM CacCl, and 4.5 mM NaH,P0,), supplemented with
2 mM L-glutamine, 10% heat-inactivated fetal calf serum (FCS), and
100 units/ml penicillin and 100 pg/ml streptomycin.21 The cells
were incubated in 25-cm? flasks or in 6-well plates (surface area
9.46 cmz; Orange Scientifique, Brainel’Alleud, Belgium) in a
humidified incubator at 37°C. The cultures were started with 3x10"
cells/well in a total volume of 3 ml. After an initial incubation period
of 3 d, the cultures were continued to be incubated for a total of 5
days in the absence or presence of the mineralization activation
cocktail (MAC), comprising 5 mM B-glycerophosphate, 50 mM
ascorbic acid and 10 nM dexamethasone to induce
biomineralization.”® For the studies with the discs, 24-well plates
(Corning; Lowell, MA; diameter of each well 15.6 mm) were used
into which the 15 mm large discs were inserted. The assays were
performed with a total volume of 2 ml of cells/medium/FCS.

Cell proliferation/cell viability assays

Cell proliferation/growth was determined by the colorimetric
method, based on the tetrazolium salt XTT (Cell Proliferation Kit Il;
Roche, Mannheim; Germany), following the recommendations of
the supplier and as described.?* The absorbance was determined at

This journal is © The Royal Society of Chemistry 20xx

650 nm and subtracted by the background values (500 nm).
Routinely the viable cells were determined after 72 h.

In one series of experiments the cells on the discs, after an
incubation period of 72 h, were fixed with 4% paraformaldehyde
solution and then dehydrated through a series of graded ethanol
solutions.” The specimens were then inspected by SEM.

Reverse transcription-quantitative real-time PCR analyses

The quantitative real-time RT [reverse transcription]-polymerase
chain reaction (qRT-PCR) technique was applied to determine the
effect of the discs on the expression levels of the following genes in
Sa0S-2 cells. The technique has been given previously.u‘ze’27 In
brief, RNA was extracted from the cells and the PCR reaction was
performed using the following primer pairs: carbonic anhydrase IX
(CA IX; NM_001216 human; product length of 129 bp) with the
forward primer CAIX-F: 5-ACATATCTGCACTCCTGCCCTC-3' [ntg7; to
Ntggg] and the reverse primer CAIX-R: 5'-
GCTTAGCACTCAGCATCACTGTC-3' [nty;05 to ntypg3], and the alkaline
phosphatase (ALP; NM_000478.4; 278 bp) with the ALP-F: 5'-
TGCAGTACGAGCTGAACAGGAACA-3' [ntyq4; tO Nty164] and ALP-R: 5'-
TCCACCAAATGTGAAGACGTGGGA-3'  [ntyyg  to  ntyags].  The
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a
reference (NM_002046.5; product length of 217 bp) with the
primer pair GAPDH-F: 5'-CCGTCTAGAAAAACCTGCC-3' [ntgy9 tO Ntgyy]
and GAPDH-R: 5'-GCCAAATTCGTTGTCATACC-3' [nt;145 tO Ntyq26]. The
PCR reactions were performed in an iCycler (Bio-Rad, Hercules, CA;
USA), applying the respective iCycler software. After determinations
of the C; values the expression of the respective transcripts was
calculated.”®

Statistical analysis

After determination that the values follow a standard normal
Gaussian distribution, the results were statistically evaluated using
paired Student’s t-test.”?

Results

Titanium-Ca-polyP (Ti-Ca-polyP) discs

Titanium alloy (Ti-6Al-4V) disks were etched to allow cross-linking
with the silane coupling agent APTMS (Fig. 1). In the second step
the discs were covered with polyP via ca® ionic bridges. Finally the
specimens, the Ti-Ca-polyP discs, were dried at 100°C. We used — on
purpose — the silane coupling agent APTMS to provide a further
functional group, an amine group, to couple also bioactive peptides
to the polyP-coated metal surface. The functionalization of the
titanium discs has also been performed with 3-
(trimethoxysilyl)propyl methacrylate"’o successfully allowing a polyP-
titanium coating only (not shown here).

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Comparison between an untreated, dark gray titanium alloy
disc (left) and a Ti-Ca-polyP disc (right); light microscopic image.

A comparison between the titanium alloy discs and the Ti-Ca-
polyP discs (light microscopic images) is shown in Fig. 2. In contrast
to the dark gray surface color of the titanium alloy discs, the Ti-Ca-
polyP discs have a shiny silver-white appearance. After the coating
of the surfaces of the discs with polyP they lose their high
roughness. While the untreated discs have an average roughness of
= 5.5 um with a maximum of 7.02 um (Fig. 3A, C, E) the polyP
coated discs expose a surface roughness of 0.78 um in maximum
(Fig. 3B, D, F).

0.78 ym

Fig. 3 Surface roughness of the titanium alloy discs (A, C, E) in
comparison with the Ti-Ca-polyP discs (B, D, F). The surfaces of the
discs were visualized by light microscopy and analyzed for
roughness using the VK-analyser software. The tracks of the line-
scans (C, D) are shown as red lines. The height profiles of
representative regions are shown in E, F; the numbers indicate the
maximal dimensions for the deviations within a normal vector
straight line.

Element-specific analyse of the surfaces of the titanium discs
was performed by EDX spectroscopy (Fig. 4). The surface of the
non-treated discs showed the dominant K, peak for titanium at 4.5
keV and the lower Kz peak at 4.9 keV (Fig. 4A). The morphology of
the surface is marked rough (Fig. 4B). If the titanium discs, after
etching and reacting with the lower concentration of APTMS (1
mg/assay), are examined after an incubation in the coating solution
with polyP and CaCl,, Ca-polyP microparticles9 can be resolved by
SEM (Fig. 4D). The size of the particles varies between 0.8 and 3 um.

4| J. Name., 2012, 00, 1-3
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After drying the discs at 100°C the EDX determinations were
performed. A representative spectrum (Fig. 4C) shows the now
dominant K, peak for phosphorus at 2.01 keV. In addition, the
calcium peak (3.69 keV) is detectable. The titanium peak (4.5 keV) is
recordable as well. If the disc samples coated with polyP after
addition of the higher amount of APTMS (2 mg/assay) are inspected
by SEM an almost homogeneous polyP surface can be visualized by
SEM (Fig. 4F). This observation is supported by the EDX
measurements that revealed a (almost) complete disappearance of
the titanium peak (Fig. 4E), while the phosphorus and calcium peaks
become dominant.
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Fig. 4 Analysis of the element composition of the titanium and Ti-
Ca-polyP discs by EDX spectroscopy (A, C, E) and SEM (B, D, F). (A, B)
Untreated discs (Ti6Al4V); (C, D) Ti-Ca-polyP discs fabricated with
the lower concentration of APTMS (1 mg/assay; polyP@Ti6Al4V-l) in
the polyP and CaCl, reaction assay; and (E, F) Ti-Ca-polyP discs
which have been coated in the presence of higher APTMS
concentration (2 mg/assay; polyP@Ti6Al4V-h).

Durability of the Ca-polyP coat

The surface coat of the polyP was measured by the determination
of Ca’ release from the coated discs in SBF (lacking ca®t as
component), as described under “Materials and Methods”. In
parallel assays, the release of ca® from Ti-Ca-polyP discs as well as
from untreated titanium discs (control) was measured. As an
additional control one Ti-Ca-polyP disc each was inserted in the SBF
incubation medium supplemented with 1 pg/ml of ALP; all samples
were incubated at 37°C.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Release of Ca®" from untreated titanium discs (cross-striped
bars), Ti-Ca-polyP discs (filled bars), as well as Ti-Ca-polyP discs,
incubated together with alkaline phosphatase (ALP) (horizontally-
striped bars). The discs had been incubated in assays (1 ml) with
SBF as described under “Materials and Methods”. “nd”: the Ca’'
concentration in the assays had been non-determinable. Data are
means = SD of 5 independent experiments (* P < 0.01).

The experiments revealed that at time zero in all three assays
the Ca®* concentration was < 3 ug/ml (non-determinable). After one
d in the incubation medium the amount of Ca’* concentration in
assays containing Ti-Ca-polyP discs was still < 3 pg/ml, while in the
samples with Ti-Ca-polyP discs + ALP the concentration of ca®
increased to 12 pg/ml (Fig. 5). The Ca®* release increased slightly to
5 pug/ml in assays containing the Ti-Ca-polyP discs after a 3 d
incubation period, in contrast to the assays of Ti-Ca-polyP discs
together with ALP (87 ug/ml). After 12 d in the incubation assay the
Ca®* concentration in the samples with Ti-Ca-polyP discs amounted
to 10 pg/ml, while in those containing Ti-Ca-polyP discs together
with ALP the concentration was measured with 153 pg/ml (Fig. 5).

[Jwithout disc
B titanium discs +

e
(-]
1

Il titanium-polyP discs

1L

e
(<2]
1

o
N
1

Absorbance (650 nm)
o
>

°
o
!

1 2
Incubation time (d)

Fig. 6 Effect of titanium discs on growth of Sa0S-2 cells. The cells
were seeded, under otherwise identical conditions, into 24-well
plates that did not contain titanium discs (open bars), titanium alloy
discs (cross-striped bars) or Ti-Ca-polyP discs (filled bars). After an
incubation period of 1, 2 and 3 d the cells were harvested and the
viability of the cells was determined by the XTT assay. Data
represent means + SD of ten independent experiments (* P < 0.01).

This journal is © The Royal Society of Chemistry 20xx
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Growth of Sa0S-2 cells on the titanium discs

rate of the bone-like Sa0S-2 cells was
determined by the XTT assay as described under “Materials and
Methods”. The cells were seeded at a density of 3x10" cells/well (2
ml assays) for all three parallel series of experiments; assays
without titanium discs, titanium alloy discs, Ti-Ca-polyP discs (Fig.
6). Already after a 1-d incubation period the density of the cells
increased from 0.3 absorbance units to 0.49+0.6 units (assays
without discs) and 0.47+0.05 units (with Ti-Ca-polyP discs), while
the density in the assays with titanium alloy discs decreased to
0.26+0.03 units. This tendency increased during the following
incubation days and reached values after 3-d incubation period of
0.09+0.02 (titanium alloy discs; significant reduction), 0.72+0.08
(absence of disc) and 0.68+0.07 (Ti-Ca-polyP discs). These data
imply that the titanium surfaces are not supporting growth of the
Sa0Ss-2 cells, while the cells, growing on Ti-Ca-polyP discs showed
the same growth kinetics like that of cultures without any discs.

The property of the discs, coated with polyP, being a very
suitable matrix for Sa0S-2 cells to grow onto, was also underscored
by staining the surface of the discs. Titanium alloy discs, not coated
with polyP (Fig. 7A) were incubated for 3 d with Sa0S-2 cells; after
that period no cells could be visualized onto the discs (Fig. 7C). In
contrast, if polyP-coated Ti-Ca-polyP discs (Fig. 7B) are incubated in
the presence of Sa0S-2 cells for the same period of time an almost
homogenous mono-cell layer is observed (Fig. 7D). A closer
inspection at higher magnification revealed that the cells show the
property of cell spreading (Fig. 7E and F), a characteristic sign for
vital survival and growth of cells.

As a further support of the conclusion that Sa0S-2 cells are
growing readily onto Ti-Ca-polyP discs the areas, covered with cells,
were analyzed for the distribution of elements carbon (C) (Fig. 8B),
titanium (Ti) (Fig. 8C) and phosphorus (P) (Fig. 8D). The
semiquantitative determinations of the elements were performed
by SEM-based EDX mappings. The localization of the cells was
obtained by recording the back-scattered electrons (Fig. 8A). It is
very much apparent that within the regions where the cells grow a
high accumulation for the element C is measured (Fig. 8B), while
titanium and polyP are highlighted outside of the cell areas, at the
surrounding surface of the discs onto which the cells grow (Fig. 8C
and D)

The overall growth

J. Name., 2013, 00, 1-3 | 5
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Fig. 7 Growth of Sa0S-2 cells onto discs; SEM analysis. The cells
were seeded into 24-well plates, containing either titanium alloy
discs (A, C) or Ti-Ca-polyP discs (B, D-F). (A, B) Disc surfaces, prior to
incubation with cells. (C) Surface of a titanium alloy disc after the 3
d incubation with Sa0S-2 cells; no cells can be visualized. (D-F) In
contrast, if the discs, covered with polyP, the Ti-Ca-polyP discs are
inspected after a 3 d-incubation with the cells, a dense single-cell
layer (cl) can be detected. (E and F) At a higher magnification the
cells show the phenomenon of spreading.

Fig. 8 Semiquantitative determinations of the elements carbon (C)
(B), titanium (Ti) (C) and phosphorus (P) (D) along some cells,
growing onto Ti-Ca-polyP discs after a 3 d incubation period. The
cells (c) have been identified by back-scattered electrons (BSE). The
element mapping was performed by SEM-based EDX scannings. The
intensity of the respective pseudocolor signals for carbon (C),
titanium (Ti) and phosphorous (P) correlate with the intensity of the
generated X-rays. The cells were growing onto the disc for 3 d.

Expression of carbonic anhydrase IX and alkaline phosphatase

As a marker for the functional activity of the Sa0S-2 cells, growing
onto titanium discs, the expression of the two genes encoding for

6| J. Name., 2012, 00, 1-3
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the enzymes carbonic anhydrase IX (CA IX) and alkaline
phosphatase (ALP) was determined by quantitative qRT-PCR. The
studies for the steady-state level of transcripts of CA IX in Sa0S-2
cells growing for 3 d in the absence of the MAC showed for the
cultures which contained titanium alloy discs a significant decrease
of the expression levels from 0.31+0.03 (time at seeding) to
0.12+0.01, while the levels in the cells cultured in the absence of
discs or the presence of the Ti-Ca-polyP discs increased from
0.2740.02 and 0.25+0.03 to 0.38+0.04 and 0.40+0.05, respectively
(Fig. 9A). We interpret the reduction of the expression of CA IX
(day3) as a sign for the dieback and/or the reduced metabolism of
the cells. A subsequent incubation of the cultures in the presence of
the MAC resulted in an increase of the levels for the CA IX
expression in assays that contained no discs or into which Ti-Ca-
polyP discs have been submersed. After 5 d in the presence of the
MAC a significant increase of the CA IX transcript level in cells in the
absence of discs from 0.38+0.04 to 0.81+0.08 was detected. A
pronounced increase of this gene was also found in cells, cultured
onto Ti-Ca-polyP discs with 0.41+0.05 to 0.59+0.06. In contrast, no
expression of CA IX is measured in assays with Ti-Ca-polyP discs,
even after 3d. This finding might reflect that Sa0S-2 cells die off
faster if exposed to MAC, which activates cells metabolism in
general.

In parallel, the expression of the gene for the enzyme ALP was
determined, likewise by gRT-PCR. Again the data (Fig. 9B) show that
the expression level of ALP in culture containing the titanium alloy
discs significantly decrease after a 3 d incubation period the
absence of any discs. Later during the incubation the level is so low,
that the expression cannot documented reliably. In contrast, in the
presence of the MAC the steady-state expression of the ALP
increases significantly, both in the assays without discs and in the
assays with Ti-Ca-polyP discs; from 0.038+0.005 to 0.097+0.7 (at
day 5 without discs) and from 0.034+0.004 to 0.074+0.007,
respectively.

°

[Jwithout disc Jwithout disc

CA IX| GAPDH mRNA
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o
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Fig. 9 Expression of the genes encoding for (A) CA IX and for (B) ALP.
The expression values were normalized to the expression of
GAPDH. The cells were cultivated either without any titanium discs
(open bars), or either onto titanium alloy discs (cross-striped bars)
or on Ti-Ca-polyP discs (filled bars). The cultures were incubated at
first in the absence of the MAC for 3 d (-MAC); then they were
transferred to medium, supplemented with the MAC (+MAC), and
the incubation was continue for additional 3 or 5 d, as outlined.
Then the cells were harvested, RNA was extracted and subjected to
gRT-PCR for determination of both CA IX and ALP transcripts; the
expression of GAPDH served as reference. Data are expressed as
mean values + SD for five independent experiments; each

This journal is © The Royal Society of Chemistry 20xx
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experiment was carried out in duplicate (* P < 0.01 [the values at
time zero were used as reference points]). nd, not detectable.

Morphology of the HA crystallites

SEM analyses were performed with Sa0S-2 cells grown onto Ti-Ca-
polyP discs for 5 d or 8 d in medium, containing MAC. While after 5
d no mineral nodules are seen onto Sa0S-2 cells (Fig. 10A), distinct
nodules had been formed onto cells after an incubation period of 8
d (Fig. 10B).

Fig. 10 Surface structure of Sa0S-2 cells. The cultures were pre-
incubated in the absence of MAC for 3 d; then they were
transferred to medium, supplemented with the MAC, and the
incubation was continue for additional 3 d (A) or 5 d (B). SEM
images. As seen, mineral deposits/nodules (no) are formed onto
Sa0S-2 cells after an incubation period of 8 d in the presence of
MAC (B).

Discussion

In the present study we succeeded to develop a procedure through
which titanium/titanium alloy can be tightly overlaid with polyP.
After etching with HCl the metal surface is covalently linked with
APTMS, after which the Ca-polyP particles can attach to the surface
via Ca®* ionic linkages (scheme in Fig. 1). The polyP coat at the
surface of the metal, on the Ti-Ca-polyP-discs, is considerable
durable in SBF. If referred to the assays which did not contain
additionally to the Ti-Ca-polyP discs the polyP-degrading enzyme
ALP® [Ti-Ca-polyP discs], the release of calcium ions from the coated
Ti-Ca-polyP discs was not detectable, while in the assay with the Ti-
Ca-polyP discs + ALP the Ca® release in the medium amounted to
12+3 pg/ml (incubation period, 1 d). After a 3 d incubation period
the release of Ca®* increased in the assays with the Ti-Ca-polyP discs
to 6% with respect to the Ti-Ca-polyP discs + ALP. After the 12 d
incubation still only 6% of Ca® is released from the Ti-Ca-polyP
discs. From this result we draw the conclusion that the Ca-polyP
coat around the discs is surprisingly stable. Surely APTMS can be
replaced by other silane coupling agents, e.g.  3-
(trimethoxysilyl)propyl methacrylate;30 however APTMS has a
further functional group allowing — in addition to polyP — peptides
to be bound to the silane-coated titanium surfaces.

EDX analyses revealed that on untreated titanium discs the
elements phosphorus and calcium are almost totally absent.
However, if the discs are coated with APTMS and additionally with
ca’ and polyP these peaks become prominent. At the lower APTMS
concentration, used for cross-linking the Ca-polyP microparticles
can be resolved by SEM, while a continuous layer of Ca-polyP is
seen if the higher APTMS concentration is present during the
reaction. This result implies that the APTMS functionalized groups

This journal is © The Royal Society of Chemistry 20xx

are more abundant, allowing a larger amount of polyP groups to
react.

In contrast to the considerably high surface roughness of the
untreated titanium discs with approximately 7 um in maximum, Ti-
Ca-polyP discs are smooth with a maximal roughness of 0.8 um.
Usually the degree of cell attachment to very smooth surfaces is
lower, compared to moderately rougher surfaces (e.g. ref.3z).
Therefore, it came unexpected that the polyP-coated discs allow
Sa0Ss-2 cells to grow with a rate, seen in control assays without any
discs. Indicative is the finding that the cells in the assays, which
contained untreated titanium discs die off after an incubation
period of 2 d. Microscopic inspection supported this assumption.
After incubation for 3 d no cells could be visualized onto the discs.
This is very much in contrast to the observation that during the
same period of time Sa0S-2 cells densely attach to the Ti-Ca-polyP
discs and form an almost homogenous mono-cell layer. Amazing is
the finding that the cells growing on the Ti-Ca-polyP discs show the
phenotypic morphology of cell spreading. Cell-spreading behavior is
a clear sign for an active cell metabolism and cell migration.33 In the
present study we used titanium oxidized Ti-6Al-4V discs that
showed adverse properties for cells to grow onto. In contrast, in
earlier studies and using pure titanium disks, it had been reported
that those surfaces allow cells to attach and to grow. 3435

In order to prove that the cells, growing on Ti-Ca-polyP discs
show distinct functional gene expression the steady-state levels of
transcripts encoding for the CA IX, as well as for the ALP have been
quantified by qRT-PCR (reviewed in: ref.36). The enzyme CA IX is the
main CA that is cell membrane-bound and most likely primarily
involved in the initiation of bone formation. Considerable
experimental evidence is available that during the initial phase of
bone mineral formation CaCO; deposits are formed.* This process
is enzymatically driven by the enzyme cAY Recently, our group
obtained experimental evidence that it is the CA IX which is mainly
involved in this process (Miller et al. submitted). The ALP is one of
the most established markers for functionally active, mineral
deposit forming osteoblasts (see: ref.38). The expression studies,
summarized here, impressively show that the transcript steady-
state levels of both genes, CA IX and ALP, significantly increase in
Sa0S-2 cells to an extent that is measured also in cells growing in
the absence of discs. Interesting is also the fact that the transcript
levels of these two genes, CA IX and ALP, significantly drop during
the incubation onto untreated titanium discs.

Since the polyP layer onto the titanium discs will be
enzymatically hydrolyzed by the ALP it is assumed that during this
period the tissue cells will be attracted by the polymer and will
change the surface of the metal with a “biological” coat, e.g.
fibronectin, laminin and subsequently with collagen, allowing a tight
interaction between the cells and the metal implant.
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Fig. 11 Coating of titanium discs with morphogenetically active Ca-
polyP. The metal material (Ti-6Al-4V) acquires bio-functional
properties if coated with the morphogenetically active Ca-polyP
polymer. During the process the titanium surfaces becomes etched,
resulting in the exposure of hydroxyl groups. At a pH of 8 they form
covalently linkages with siliane coupling agents, e.g. APTMS. Under
this environment Ca*-ionic bridges are formed between the silane
and polyP. Those coated titanium discs allow bone-like Sa0S-2 cells
to settle on and induce them to gene expression (CA IX and ALP);
these enzymes are crucially involved in bone-
mineral/hydroxyapatite (HA) deposition.

Conclusions

Taking together, the data gathered here show that titanium discs,
titanium oxidized Ti-6Al-4V scaffolds, are inert matrices for bone-
like Sa0S-2 cells in vitro. This metal material acquires bio-functional
properties if coated with the morphogenetically active Ca-polyP
polymer (Fig. 11). Titanium alloy as used here in form of discs is
used for the fabrication of implants."’9 The progress in the biological
functionalization of this (potential) implant material with polyP
offers not only the fabrication of individualized implants but also
provides the advantageous property to match the mechanical
properties of the hard and brittle metal implant with those of the
softer bone and its surrounding tissue.
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