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Abstract Glucuronic acid (GlcA) and phosphoserine (pS)
carrying acidic functional groups were used as model
molecules for glycosaminoglycans and phosphoproteins,
respectively to mimic effects of native biomolecules and
influence the mineralization behaviour of collagen 1. Col-
lagen substrates modified with GIcA showed a stable
interaction between GlcA and collagen fibrils. Substrates
were mineralized using the electrochemically assisted
deposition (ECAD) in a Ca”/HxPOEf*X) electrolyte at
physiological pH and temperature. During mineralization
of collagen—GIlcA matrices, crystalline hydroxyapatite
(HA) formed earlier with increasing GIcA content of the
collagen matrix, while the addition of pS to the electrolyte
succeeded in inhibiting the transformation of preformed
amorphous calcium phosphate (ACP) to HA. The lower
density of the resulting mineralization and the coalesced
aggregates formed at a certain pS concentration suggest an
interaction between calcium and the phosphate groups of
pS involving the formation of complexes. Combining
GlcA-modified collagen and pS-modified -electrolyte
showed dose-dependent cooperative effects.

1 Introduction

Implant osseointegration depends mainly on interactions at
the interface between implant surface and host tissue.
Research in this field has succeeded in developing different
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ways to adapt implant surfaces to living tissue require-
ments, with a number of promising strategies based on the
imitation of in vivo situations [1].

In the case of bone as a mineralized tissue, this ideally
means having coatings consisting of the two main com-
ponents of bone: hydroxyapatite and collagen type I [2] or,
more complex, to combine calcium phosphate phases
(CPP) with a type I collagen matrix in the presence of the
appropriate extracellular matrix proteins [3]. Learning from
the natural process of biomineralization of bone and imi-
tating its strategies in a biomimetic approach permits the
production of coatings more similar to bone both in
structure and in composition [4].

In accordance with this biomimetic approach, in this
work the template for mineralization consisted of collagen
type I [5]. It is known that in vivo non-collagenous proteins
exert a determining influence on the biomineralization of
the collagen matrix via their functional groups [6, 7]. Such
functional groups are therefore of interest also in an artifi-
cial extracellular matrix (ECM) [8]. Glycoproteins such as
bone sialoprotein (BSP) [9, 10] or osteopontin (OPN) [11],
and proteoglycans (PGs) such as decorin or biglycan, [3,
12—14] interact with calcium phosphates due to their high
amounts of acidic aspartic and glutamic residues or phos-
phorylated aminoacids, and thus influence mineralization.

For collagen—hydroxyapatite biomaterials with more
bone-like characteristics, simplified strategies using model
molecules able to mimic these typical functions of native
extracellular matrix components may therefore be of
interest. Thus, based on decorin and osteopontin, respec-
tively, the simple functionalities glucuronic acid (GIcA)
and phosphoserine (pS) were chosen for this study.

Decorin is a small leucine-rich proteoglycan, which
associates with collagen fibrils and is known to inter-
vene directly in the control of matrix organization [15, 16].
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It is composed of repeating disaccharide units of GIcA
and N-acetylgalactosamine. These monosaccharides are
released as a product of the enzymatic degradation of some
glycosaminoglycan (GAG) chains during deglycosylation,
a process that has been detected as an intermediary step
during the in vivo mineralization of bone [17]. Paschalakis
et al. [12, 14] suggested that, compared to decorin,
monomers such as GIcA could bring about an enhanced
rate of HA nucleation. The GIcA acidic groups seem to be
able to bind not only to inorganic compounds but also to
organic molecules like various ECM proteins, growth
factors and cell surface receptors [18].

Assuming that GIcA binds to collagen in a process of
non-enzymatic glycosylation between collagen amino
groups and GIcA’s anomeric centre [19], it seems possible
that GlcA will increase the electrostatic binding of Ca*" to
the protein structure through its free carboxylate group,
acting thus as a template for biomineralization in the
organic matrix. The use of GIcA alone in this study may
allow distinguishing its effect from the wide range of
crystal growth regulatory functions observed in greater PG
aggregates, as for example, the role of their sulphatation
pattern or the conformation of GIcA in the chain, which has
been reported to dictate its role as promoter or inhibitor of
mineralization [20, 21].

Osteopontin (OPN) and bone sialoprotein (BSP) are
non-collagenous phosphoproteins proven to play a role in
the mineralization of bone. Both contain high amounts of
phosphorylated residues which are partly responsible for
their Ca** binding capability, and thus for their control of
crystal growth [9-11, 17]. Based on this fact phospho-
serine, a phosphorylated amino acid can be assumed to be
a successful model molecule [22-24]. It should be
expected that the presence of pS in solution would
emulate the inhibitory effect of OPN reported by Hunter
et al. [11].

The use of a biomimetic approach also requires methods
of mineralization capable of imitating in vivo conditions
and enabling the model molecules to play the desired role.
Many methods have been developed to produce bioactive
calcium phosphate coated surfaces [25]. We chose the
method of electrochemically assisted deposition (ECAD)
of calcium phosphate phases (CPP) because it allows the
formation of thin CPP coatings within a short time and
under very reproducible and defined conditions [26], even
in the case of surfaces functionalized with an adsorbed
organic matrix [8]. The fine control of the alkalinization
level at the surface of the metallic substrate is one of the
main advantages of the ECAD method, because it achieves
the formation of hydroxyapatite (HA) through a dissolu-
tion—redeposition process of ACP, which is highly depen-
dent on pH [26]. Increase of the current density or
deposition time leads to crystalline HA [27].
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This work aims at analyzing the influence of mediators
on the mineralization of collagen type I based biomimetic
substrates. Glucuronic acid (bound to collagen) and phos-
phoserine (present in the electrolyte) are used as model
substances for proteoglycan deglycosylation products and
for phosphoproteins, respectively. With respect to bioma-
terial applications aiming at improving the osseointegration
of implants, the mineralization is performed with collage-
nous substrates immobilized on titanium surfaces. Our
results provide the first quantitative characterization of the
interaction of GlcA with collagen type I with respect to
fibrillogenesis and mineralization behavior. Additionally,
we have analyzed the influence of pS present in the elec-
trolyte during deposition of calcium phosphate phases for
collagen substrates with and without bound GIcA. By
adding pS at this point, we expected to block the incor-
poration of mineral ions into the surface, which may give
rise to the inhibition of the crystal growth as well as
changes in the properties and morphology of the existing
crystal.

2 Materials and methods
2.1 Materials

Unless otherwise stated, the chemicals used in this work
were of high purity (A.C.S. reagent grade) and provided by
Sigma—Aldrich Chemie GmbH Germany. The collagen
employed was acid soluble calfskin collagen type I from
Fluka, Sigma brand, Prod. No. 27664.

Discs of titanium alloy Ti6Al4V (ASTM136, 10 mm
diameter and 2 mm thickness) were ground and polished
using a titanium oxide suspension (anatase, particle size:
20 nm). Smooth surfaces were used in order to avoid sur-
face-induced nucleation. They were cleaned with 1% Tri-
ton X-100, acetone, and 96% ethanol, rinsed with distilled
water, and air-dried.

2.2 Preparation of samples for mineralization

Collagen was dissolved in 10 mM CH3;COOH overnight at
4°C at a concentration of 2 mg/ml. The resulting collagen
solution was mixed with equal volumes of buffer consisting
of 30 mM phosphate at pH 7.4 on ice. Fibrillogenesis was
started by raising the temperature to 37°C and allowed to
take place for 18 h at this temperature. When GIcA was
included, it was dissolved in the buffer at a concentration
of 1 mg/ml and added prior to the start of fibrillogenesis to
concentrations of 50, 250 and 500 pg/ml.

The resulting fibrils were centrifuged for 15 min at
10,000x g to separate the fibrils (pellet) from remaining
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collagen monomers and small oligomeric aggregates. The
collagen not integrated into fibrils was determined in the
supernatant using the method of Lowry et al. [28], and
the amount of fibrillar collagen was calculated from this
data. The pellet was accordingly resuspended to a con-
centration of 1 mg/ml in the phosphate buffer and
homogenized (Ultra-Turrax, IKA Labortechnik).

Titanium samples were coated with 100 pl collagen
solution and after 10 min air drying, rinsed with distilled
water.

2.3 Electrochemically assisted deposition

For electrochemically assisted deposition a combined
potentiostat/galvanostat (PJT 120-1 Radiometer) was cou-
pled with a double-wall electrochemical cell that ensured
constant temperature (36 £+ 1°C) during electrolysis. The
working electrode was switched cathodic and the polari-
zation was performed in galvanostatic mode. For experi-
ments, current density ranged from —0.76 to —9.76 mA/
cm?. The polarization time varied between 1 and 60 min.
The electrolyte used for deposition of CPPs was prepared
with concentrations of 1.66 mM CaCl, and 1 mM
NH4H,PO, (both Fluka, Neu-Ulm, analytical grade). For
the deposition electrolyte containing pS, crystalline
O-phospho-L-serine (Fluka) dissolved in distilled water at a
concentration of 1 mg/ml and was added to the electrolyte
at molar pS/Ca ratios ranging from 1:2000 to 1:20. The
final pH of the electrolyte was adjusted to 6.4 with
ammonium hydroxide solution (Merck). The coatings were
rinsed five times with distilled water and allowed to dry in
air at room temperature for at least 2 h.

2.4 Characterization of surface morphology

Scanning Electron Microscopy (SEM) was performed
using a DSM 982 Gemini, Carl Zeiss. Samples were car-
bon-coated to improve surface conductivity. Best definition
was obtained at acceleration voltages of 1 and 2 kV. In
order to characterize the nanometer scale structure of the
collagen fibrils, Atomic Force Microscopy (AFM), Bio-
scope; Digital Instruments/Veeco, using tapping mode was
performed.

2.5 Analysis of CPP

Fourier Transform Infrared Spectroscopy (FTIR, Perkin-
Elmer FTS2000, with microscope unit) was used to analyze
the phase composition of the deposited CPP. At least three
scans per spectra and five spectra from each distinct surface
state in different positions of each sample were taken to
check homogeneity.

2.6 GIcA quantification

GIcA quantification was performed according to a modified
version of the method described by Mecozzi [29]. Briefly,
collagen fibrils were resuspended in 1 M CH3;COOH
(1 ml £ 0.05) and sonicated for 4 h at room tempera-
ture (Bandelin Sonorex TKS52, HF = 35 kHz). 1 ml of
each sample was mixed with 0.5 ml 5% Phenol and 2.5 ml
95-98% H,SO, in glass flasks and incubated at room
temperature for 30 min prior to measuring absorption at
485 nm (SpectraFluorPlus, TECAN).

2.7 GIcA desorption

For desorption experiments, collagen fibrils were resus-
pended in 1 M NaCl immediately after fibrillogenesis and
incubated for 2 days at 37°C. The supernatant and the
pellet were separated and each mixed with 1 ml 1 M
CH;COOH. GIcA content was determined as described
above.

2.8 Statistics

For analysis of statistical significance experiments were
repeated at least three times. Mean values + standard
deviation were calculated for each concentration of GlcA
studied. Results for collagen fibril formation and GIcA
content of fibrils were analyzed by one-way ANOVA
(analysis of variance). P < 0.05 was considered statisti-
cally significant.

3 Results

3.1 Influence of GIcA on collagen fibril formation
and morphology

Influence of GIcA concentration on the amount of collagen
fibrils formed during fibrillogenesis is summarized in
Fig. 1. While the integration of collagen into fibrils is in the
range of 75% with no GIcA present, a monotonous
decrease of the amount incorporated is detected with rising
GlcA concentrations, with the integration decreasing to
about 50% for the highest GIcA concentration used.

3.2 Integration and desorption of GIcA

The results of the GIcA quantification experiment are dis-
played in Fig. 2. The boxes give the amount of GIcA
detected in collagen after fibrillogenesis as a function of the
GIcA concentration added to the collagen solution prior
to fibril formation. The amount of GIcA bound is related
to the amount present during fibrillogenesis, though the
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Fig. 1 Box plot of the extent of collagen monomer integration into
fibrils in % as a function of the concentration of GlcA added to the
initial collagen solution in pug ml™"

GIcA in collagen (ug mg™)
8
1

—
0 50 250 500
GlcA in starting solution (ug mi-)

Fig. 2 Box plot of the amount of GlcA bound in pg per mg fibrillar
collagen as a function of the concentration of GlcA added to the
initial collagen solution in pg ml™"

relation is not linear. For low concentrations of GIcA a
proportionally higher amount is bound, such as about
11 pg GlcA per mg collagen for a concentration of 50 pg/ml
GIcA. A five fold higher GIcA concentration of 250 pg/ml
in the initial fibrillogenesis solution is necessary in order to
increase the bound amount by a factor of two. However, for
all experimental conditions the GIcA content of the fibrils
is below 4% of the total fibril mass.

Only negligible amounts of GlcA were found to desorb
over a period of 2 days in a 1 M NaCl solution at room
temperature, irrespective of the GIcA concentrations used
in the fibril formation process. The results of these exper-
iments are shown in Fig. 3.
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Fig. 3 Amount of GlcA bound in pg per mg fibrillar collagen before
and after desorption in 1 M NaCl as a function the concentration of
GIcA added to the initial collagen solution. Line through data is a
guide to the eye

3.3 Influence of the GlcA content on fibrils
morphology

In Fig. 4, AFM micrographs show no distinct alteration of
the fibrils banding pattern or thickness when formed in
presence of GIcA.

3.4 Influence of the GIcA content of fibrils
on mineralization

The collagen fibrils adsorbed on titanium discs were sub-
jected to cathodic polarization in a galvanostatic regime
with current densities ranging from —0.76 to —9.76 mA/
cm? and polarization times from 5 and 15 min. The coat-
ings obtained were evaluated through infrared spectroscopy
to analyze the phase composition of the deposited CPP and
scanning electron microscopy to assess their morphology.
Table 1 correlates phases to the experimental conditions
for each coating. Regarding unmodified and GlcA-modi-
fied collagen matrices, CPPs could be classified as either
non-apatitic CPPs (ACP) or highly-ordered nanocrystalline
carbonated hydroxyapatite (HA). Some samples showed
presence of both phases, depending on the scan region. As
differences between samples and scans where mainly
related to peak intensities and hydration level, two repre-
sentative spectra of the phases encountered were retained
and are shown in Fig. 5.

Irrespective of the substrate GlcA content and the
applied current density, after 5 min of cathodic polariza-
tion—the shortest time studied—the resultant coatings
gave spectra with broad single bands around 570 cm™"' and
1028 cm ™', ascribed to phosphate v, and vs absorption
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Fig. 4 AFM height
micrographs of collagen fibrils
unmodified and modified with
50 and 250 pg ml~! GlcA. No
significant modification of the
banding pattern and diameter
caused by the presence of GIcA
is observed

Table 1 Summary of experimental conditions and coatings obtained

ECAD conditions Role of model molecules

Calcium Phosphate Phases

Current Time GIcA in Electrolyte FTIR SEM
density (min) collagen pS/Ca*
(mA/cm?) (ug/ml)
—0.76 to —9.76 5; 15% 0-500 0 ACP (Fig. 5) Sparse coating of spherical nanoparticles
(Fig. 6)
—7.64; —9.76 15 0; 50 Dense coating of spherical nanoparticles
(Fig. 8a)
250 ACP/HA (Figs. 5, 7) Mixed coating of spherical nanoparticles
and needles (Fig. 8b)
500 HA (Fig. 5) Dense coating of needles (Fig. 8c)
-9.76 0-500 1:40; 1:20 ACP (Fig. 9a) Dense coating of spherical nanoparticles
(Fig. 8f)
20; 30 0 0 HA (Fig. 9bl, cl) Dense coating of needles (Fig. 8d, g)
20 1:40 Non-apatitic Agglomerated coating with distinguishable
(Fig. 9b3)/HA (Fig. 9b2) nanoparticles (Fig. 8e)
30 0-500 Non-apatitic Agglomerated coating (Fig. 8h, i)
20; 30 0 1:20 (Flg 9b4, 02, 03)

2 Only for 0,76 mA/cm?

modes, respectively and typical for non-apatitic disordered
domains. SEM observations showed a shallow coating of
spherical nanoparticles of diameters ranging between 50
and 150 nm (Fig. 6).

This was also the case for all substrates polarized at the
lowest current density of —0.76 mA/cm? irrespective of the
polarization time, whereas for higher current densities, the
amount of GIcA in the fibrils affected the mineralization
behavior of the substrates.

For a polarization time of 15 min and current densities
of —7,64 mA/cm? and -9,76 mA/cmz, GIcA concentra-
tions below 250 pg/ml in the fibrillogenesis solution
(around 20 pg GIcA per mg of collagen fibril) yielded
coatings densely populated with spherical nanoparticles
(Fig. 8a). FTIR spectroscopy determined again the non-
apatitic nature of the coating (Fig. 5).

However, for 250 pg/ml (~20 pg/mg) GlcA concen-
tration, two different types of spectra were detected
depending on the scan region. The first kind of spectra
corresponded to the mentioned disordered domains, but
here the v, phosphate region showed an incipient splitting
of the 570 cm™" band (Fig. 7). The second kind of spectra
corresponded to the domains also found for 500 pg/ml
(~36 ng/mg) GlcA concentrations (see below), but peaks
were less faint. SEM images showed a mixed morphology
consisting in spherical nanoparticles with interspersed
acicular needles (Fig. 8b).

Keeping this latter ECAD parameters, spectra corre-
sponding to 500 pg/ml GlcA (~36 pg/mg) showed clearly
the characteristic splitting between the v; phosphate
absorption band (1028, 1090 cm™') and the triply degen-
erated v, phosphate-bending mode of the P-O-P bond at
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Fig. 5 FTIR spectra of calcium phosphate phases deposited by
ECAD at —9.76 mA cm > for 15 min on unmodified and 500
pg ml~" GlcA-modified collageneous substrates

1kV, Smm, S0000x, — 400 nm —

Fig. 6 SEM micrograph of calcium phosphate phases deposited by
ECAD on collageneous substrates modified with 500 pg ml~' GlcA.
ECAD at —0,76 mA cm™” for 5 min

561 cm™ !, 575 cm ™! (shoulder) and 603 cm ™!, typical for
nanocrystalline apatites [30]. The hydroxyl librational
mode at 632 cm~! could also be seen as well as the V1
phosphate peak at 963 cm™'. Bands assigned to carbonate
were also detected (bending v, at 875 cm™ ', stretching v3
at 1418 cm ™', and bending vs_4 at 1456 cm™") [31]. The
hydroxyl stretching vibration at 3567 cm™" was also dis-
tinguishable (Fig. 5). The morphology of the coatings was
consistent with the phase compositional findings and cor-
responded to a dense coating of needle-like nanocrystals
(Fig. 8c).
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3.5 Influence of the GIcA content of fibrils
on mineralization

The adsorbed substrates were subjected to cathodic
polarization in a galvanostatic regime at —9.76 mA/cm?>
for 15, 20 and 30 min in electrolytes containing pS
concentrations from 0.152 pg/ml to 15.2 pg/ml, which
corresponds to pS/Ca”*" molar ratios ranging from 1:2000
to 1:20.

Samples polarized for 15 min in an electrolyte con-
taining pS/Ca®" ratios of 1:40 and 1:20 did not differ
noticeably from the reference without pS. Their FTIR
spectra showed a general decrease in peak intensities and
absence of the ACP broad band around 570 cm™' as
compared to the reference (Fig. 9a). In the case of the 1:40
sample, the peak at 875 cm™' as well as the broadening
around 1418 cm™' of carbonate was no longer detected
(Fig. 9a2).

After 20 min of deposition, IR spectroscopy on the ref-
erence sample indicated well crystallized HA (Fig. 9bl).
This spectrum is also detected in the case of 1:40 pS/Ca®"
samples, but not for all regions scanned (Fig. 9b2). Regions
corresponding to non-apatitic material of low peak inten-
sity were equally detected (Fig. 9b3). Albeit the absence of
peak splitting around 1050 cm ™', the broad band around
570 cm ™!, typical for the disordered state, seems shifted to
a lower wavelength around 532 cm™! [32]. In the case of
1:20 pS/Ca*", all samples produced spectra of a slightly
different form (Fig. 9b3). Incipient splitting is seen
around 1050 cm ™' (peak at 1023 cm™' and shoulder at
1090 cm™") but unclear information is retrieved in the v,
phosphate domain (560605 cm™'). Again a peak at
532 cm™ ! is detected.

SEM images of the samples are shown in (Fig. 8). In the
case of samples polarized for 15 min, the aspect of the
surface was similar, for all pS concentrations studied
(Fig. 8a). This situation changed for polarization times of
20 min. Whereas in the case of the reference (without pS
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Fig. 8 SEM micrographs of calcium phosphate phases deposited by
ECAD at —9.76 mA cm ™2 for 15 min (a, b, ¢, f), 20 min (d, e) and
30 min (g, h, i) on collageneous substrates unmodified (a, d, e, g, h)

Fig. 8d), the coating consists mainly of HA, a mixture of
coalesced agglomerate of ACP/HA forms in the presence
of pS (Fig. 8e).

After 30 min of polarization at —9.76 mA/cm?, the
reference sample shows a layer of distinct HA crystals
(Fig. 8g). However the crystals formed with 1:40 pS/Ca®"
in the electrolyte are again agglomerated (Fig. 8h) and its
spectrum is close to the one found for 20 min.

Comparing the intensities of the different spectra ana-
lyzed indicate that for all the polarization times applied the
amount of CPP detected decreases with increasing pS
concentration in the electrolyte. This was further confirmed
by the exhaustive mapping of the samples through SEM
(data not shown).

(b) 250 GicA, 0 pS, 15 min

-

"RV, Smim, 20000%

(e) 0 GlcA, 1:40 pS, 20 min

£
1KV, Smm, 2000Ck

(h) 0 GIcA, 1:40 pS, 30 min

(c) 500 GicA, 0 pS, 15 min

Yo

kW, Smm, 20000x

(f) 500 GlcA, 1:40 psS, 15 min

1V, Smm, 20000x.

(i) 500 GicA, 1:40 pS, 30 min

and modified with 250 ug ml™' GlcA (b) and 500 pg ml~' GlcA
(c, £, i) in the presence of electrolytes unmodified (a, b, ¢, d, g) or
modified with 1:40 pS/Ca2+ ratio (e, f, h, i)

3.6 Joint influence of GIcA content of fibrils
and pS in the electrolyte on mineralization

Collagen fibrils without GlcA and formed with 250 and
500 pg/ml GIcA during fibrillogenesis respectively, were
polarized with a current density of —9.76 mA/cm? for 15 and
30 min in electrolytes with pS/Ca>* molar ratios between 0
and 1:20. In Fig. 8 SEM images are shown only for the ratio
1:40, because the ratio of 1:1000 pS did not noticeably
influence the mineralization behaviour and the results at
ratio of 1:20 were close to that at the lower one of 1:40.
After 15 min of ECAD, collagen without integrated
GlcA, displayed a uniform coating of ACP spheres inde-
pendent of the pS content of the electrolyte (Figs. 5, 8a).
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Fig. 9 FTIR spectra of calcium phosphate phases deposited by ECAD
at —9.76 mA cm~2 for a 15, b 20 and ¢ 30 min on collageneous
substrates. Electrolyte unmodified or modified with 1:40 and 1:20
pS/Ca*

In the case of collagen fibrils prepared with 500 pg/ml
GIcA present during fibrillogenesis (~ 36 ng/mg), miner-
alization without pS gave rise to HA coatings (Figs. 5, 8c).
For a pS/Ca*" concentration of 1:40, though, the coatings
consisted completely of ACP spheres (Fig. 8f). This was
also the surface state found when collagen was modified
with 250 pg/ml GlcA (~20 pg/mg) for substrates gener-
ated in the presence of 1:40 pS, whereas in the absence of
pS, mineralization yielded a surface of HA crystals mixed
with ACP (Figs. 5, 8b). FTIR spectra of both types of
mineralized substrates (250 and 500 pg/ml GlcA concen-
trations) issued of pS-modified electrolytes were similar to
the ACP spectra shown in Fig. 5.
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After 30 min of polarization with electrolytes containing
1:40 pS and 500 pg/ml GlcA modified collagen substrates,
neither the spectra nor the morphology of the resulting
coatings differed with respect to the samples without GIcA
(morphology of Fig. 8i and spectra of Fig. 9c2).

4 Discussion

The present study investigates the mineralization behavior
of collagenous substrates in combination with model
molecules based on such components of the native extra-
cellular matrix as are expected to play a major role in the in
vivo biomineralization. GIcA as a representative of the
class of the glycosaminoglycans was immobilized in col-
lagen fibrils adsorbed to titanium samples as a model for
implant surfaces and electrochemically assisted mineral-
ized in the presence and absence of pS as a model for the
acidic functionality of phosphoproteins.

4.1 Interaction of GlcA with collagen type I

The inclusion of GIcA in the process of fibrillogenesis does
not noticeably affect fibril morphology for all concentra-
tions studied, though the integration of collagen monomers
into fibrils is somewhat reduced if high amounts of GIcA
are present during fibrillogenesis (Fig. 1). However the
characteristic banding pattern indicates that the typical
quarter staggered association of the collagen monomers
could still take place. The decrease in the incorporation of
tropocollagen into fibrils has also been reported to happen
for fibrillogenesis in the presence of decorin monomers
[21, 33]. This reduction in monomer integration might be
due to a slight steric hindrance due to the already bound
GIcA and contributed by the formation of GlcA—collagen
monomer aggregates in solution, which would not allow
fibrils to form.

The amount of GIcA bound is related to the amount
present during fibrillogenesis, but the relation is not linear.
Though this is indicative of a saturation of GIcA binding,
detailed experiments with higher GIcA concentrations are
needed to establish if and where a plateau region exists.

The bound GIlcA did not desorb in 1 M NaCl solution,
which indicates that the interaction between GIcA and
collagen is not based primarily on ionic interactions. A
possible reaction pathway between GIcA and collagen
would consist in the formation of an imine base as a result
of the interaction of the anomeric carbon of the open chain
of GlcA with the amino groups of lysine residues followed
by slow spontaneous Amadori rearrangement to a more
stable 1-amino-1-deoxyketose structure.

This explanation is consistent with the findings of Ding
et al. [19], who detected major binding sites for GIcA at
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lysine Lys-195, -199 and 525 and minor at Lys-137, 351
and -541. Furthermore Lys-525 was identified as the pri-
mary site for non-enzymatic glycation, with Lys-351 also
involved at some extent. [19, 33-35].

In regard of the tendency shown in Fig. 2 and the pro-
gressive decrease of lysine binding site availability, the
existence of a saturation limit beyond which no more GIcA
could be bound by the fibrillating collagen is expected.

4.2 Mineralization behaviour of GlcA—collagen
substrates

Regarding the GIcA influence on mineralization, the results
show that the GlcA-modified substrates perform a dose-
dependent shift to the thermodynamically more stable
mineral HA before unmodified matrices do. This may be
due to the fact that GIcA acts as a nucleating agent for HA
when combined to collagen. The binding model proposed
above implies that collagen-bound GIcA may expose one
free carboxylate functionality per molecule, which in turn
would be able to attract and bind Ca®>" by electrostatic
interactions. Accordingly, the introduction of GIcA into the
collagenous matrix would increase the number of negative
charges driving to a higher Ca®>" surface concentration,
suggesting the creation of a higher amount of nucleation
sites on the surface of the collagen fibrils, though this has
yet to be confirmed by high-resolution images of lightly
mineralized matrices using AFM or TEM.

The early-formed CPPs have been identified as Amor-
phous Calcium Phosphate (ACP) in agreement with former
work both in our group [26, 27, 36] and in other groups
[37]. The phase transformation to form apatite crystals
starts with initial spheres consisting of Caz(PO,),-nH,O
from which crystalline HA needles grow. The process
would proceed step-wise, taking advantage of a meta-stable
disordered and more soluble stage with lower activation
energy to overcome the higher activation barrier needed for
the formation of the less soluble and ordered HA. This
transient precursor strategy has been used to explain the
mechanisms of formation not only of synthetic apatites [26,
27] but also of apatites of biological nature, be it based on
ACP or OctaCalcium Phosphate (OCP) precursors [37-39].
Recent investigations claim also evidence of OCP and ACP
as transient precursor for biological apatite [40-42].
However, the detection of non-apatitic phosphates as a part
of the early-deposited mineral phase of bone [43] and even
on the surface of nanocrystalline synthetic HA [44] has
suggested that the so-called precursors may be just the
detectable part of a newly forming poorly crystalline apa-
tite of reduced dimensions [45].

The controversy of the in vivo process can help to
understand certain aspects in the formation of nano-apatite

coatings issued of deposition methods close to physiolog-
ical conditions such as ECAD. Particularly, in the present
in vitro approach we have detected a slight splitting in the
v4 phosphate region for some spectra of so-called “transi-
tional ACP” (Fig. 7). According to Rey et al. [30], a more
detailed spectral analysis in that region could be useful to
elucidate if, what has been considered as ACP in this study,
corresponds instead to a non apatitic disordered domain
present at the outermost surface of poorly crystalline and
highly hydrated nucleating apatite. The underlying crys-
talline domains would only become detectable once they
acquire enough surface-to-volume ratios as compared to
the interfacial non-apatitic phase. The HA nanocrystals on
the surface of transient spherical ACP nanoparticles
detected by Rdssler et al. [26] by means of highly mag-
nified SEM could be ascribed instead to newly nucleating
crystalline domains at the highly hydrated surface domains
of apatitic cores rather than ACP spheres.

While more detailed studies are needed to fully under-
stand the mechanisms of apatite formation, ECAD system
is a successful method to produce collagen—hydroxyapatite
substrates similar to biological bone besides orientation of
the deposited crystals. GIcA, in turn, has demonstrated to
be a successful molecule to advance deposition of highly
crystalline HA when bound to collagenous substrates. The
similarities found in the early CPP formation for ECAD
and Simulated Body Fluid (SBF) [46], suggest that the
advance in CPP deposition promoted by GlcA-modified
collagen substrates would also take place in the case of
SBF exposure. The lower relative supersaturating condi-
tions at the surface of the substrates subjected to SBF
would probably lead to a delayed deposition in time as
compared to ECAD. Although less suitable for producing
implant coatings, the slower SBF-mediated mineralization
may help to obtain additional information on the process of
apatite formation.

4.3 Influence of pS on the mineralization of pure
collagenous substrates

Phosphoproteins such as OPN and BSP are also part of the
ECM of bone and are discussed as mediators of the in vivo
biomineralization [9-11, 22-24]. Phosphoserine (pS) was
chosen as a model for this group of biomolecules and
added to the electrolyte in order to observe its potential
inhibitory effect on the process of crystallization. Thus pS
serves as an example for the way in which soluble additives
act in the natural process in opposition to the promotion of
mineralization they show when present in immobilized
form [47-50].

In the presence of pS the formation of crystalline HA is
retarded above molar ratios for pS/Ca”" of 1:200. This
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indicates that pS in the electrolyte serves as an inhibitor of
crystallization of HA. For the highest applied concentra-
tion, pS also acts as a mineralization inhibitor because the
amount of deposited CPP is clearly diminished as it has
been detected by electron microscopy mapping and by the
decrease in the intensity of the FTIR signals.

The model for CPP nucleation on titanium substrates
proposed by Rossler et al. [26], together with the
assumption that pS forms calcium-containing complexes
would explain why less homogeneous coatings are
obtained with increasing amounts of pS in the electrolyte.
In the proposed model the nuclei formed in the electrolyte
would either reach the surface and nucleate or re-dissolve
again. This latter situation would be favored by the for-
mation of Ca—pS complexes in the electrolyte, resulting in
less CPP on the surface due to a shift of the deposition/
redissolution equilibrium towards increased redissolution.

Morphologically, the shape of the coatings formed
varies with the increasing pS concentration in the electro-
lyte. This variation consists in the progressive agglomera-
tion of the phosphate phases obtained. Our explanation is
based on the known fact that pS is able to form complexes
with Ca®" ions [22-24, 51-53]. Thus in solutions with
higher concentration ratios of pS/Ca’*, Ca?" will be
increasingly bound by the increasing concentration of pS
molecules present via the two anionic functionalities
(phosphate and carboxylate). On the one hand this will
impede the interaction of Ca®" with inorganic phosphate
ions, reducing the amount of deposited CPP. On the other
hand the complex will give rise to agglomerates, as pS
molecules may also bridge different Ca®" ions. The
resulting topography gives for intermediate concentrations
of pS an amalgam of amorphous and crystalline elements
(Figs. 8e, 9b2, 9b3) changing into a supra-aggregation of
non-crystalline calcium phosphates (Figs. 8h, 9¢3) for even
higher concentrations.

4.4 Mineralization of GlcA—collagen substrates
in the presence of pS containing electrolytes

The simultaneous influence of the two model molecules
studied in this work, GlcA immobilized on the collagenous
substrate and pS present in solution, on the crystallization
behaviour is GlcA/pS dose-dependent. The formation of
the thermodynamically stable mineralization product HA,
which is promoted by GIcA in absence of pS, clearly does
not occur in presence of a 1:40 pS/Ca”" ratio (Fig. 8c, f).
In analogy to the effect on unmodified matrices, pS prob-
ably achieves retardation of the process by attracting Ca**"
that could otherwise be bound by the GlcA modified col-
lagen substrates.

Concerning the morphology of CPP phases on GIcA-
modified matrices for 30 min of deposition, on the 1:40 pS/
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Ca”" ratio samples we find again an aggregated structure
(Fig. 8i). In the competition for Ca>*, the pS influence may
possibly dominate over GlcA due to the concentration
used, the higher number of functionalities of the first [51]
and the immobilized state of the second. The ability of
Ca®" to bridge the existing anionic functionalities from
GIcA and pS (one per GlcA molecule and two per pS
molecule) may be the reason for this similar effect of
aggregation [52], yet the binding of Ca>" to anionic groups
is usually cooperative and involves at least two or three
ligands [53].

5 Summary

Model molecules carrying functional groups, which are
known to play an important role in biomineralization, can
be used for influencing the mineralization behavior and the
morphology of the resultant Calcium Phosphate Phases in
vitro, either singly or in combination. Thus, this model-
based approach has proven useful to provide new insights
in these complex processes, circumventing the myriad of
interactions happening in the real framework in which
these molecules are present in nature. Both models are
certainly not able to map completely PGs or Phosphopro-
tein resulting properties in their structures but, alterna-
tively, these simple formulations become an asset for the
novel design of implant coatings, which may allow stim-
ulating the peri-implant mineralization process with lower
immunogenic risk as compared to the use of complete
biological molecules.

Additional experiments will help to understand more
precisely the mechanisms governing the interactions
between the molecules studied, and possibly allow the
generation of more bone-like substrates. Interestingly, the
application of this strategy is already suitable to produce
bioactive implant coatings and may result in an improved
healing, though this is still to be determined by means of
further testing.
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