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Abstract
Replacement of bone loss or reconstruction of bone defect is still a clinical chal-

lenge. Synergoss� is a recently developed synthetic bone filler that exploits

biomolecular surface engineering to deliver directly to the filler-implant interface

the signaling properties of type I collagen. In this article, we compared Syner-

goss� bone filler with the most used materials present on the market derived from

animal source (Bio-Oss�, Gen-Os�) or synthetic source (BoneCeramic�). All

tested bone fillers were analyzed by ATR-IR, providing information concerning

the chemical composition and the main functional groups. Surface zeta potential

analysis shows a positive surface charge for Synergoss�, confirming that the

material exposes a collagen nanolayer to the surrounding environment, unlike typ-

ical synthetic and bone-based fillers. The chemical composition of the first few

nanometers of the surface of tested bone fillers was evaluated by XPS, and Syner-

goss� shows a significant amount of nitrogen (9.8 at%), which is not detected in

any of the remaining materials. Morphological structure of Synergoss� (analyzed

by SEM) shows a uniformly distributed micro- and macroporosity, which plays

an essential role in influencing cell adhesion and blood vessel infiltration, nutrient

transportation, and clot formation to stimulate the overall healing process.
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1 | INTRODUCTION

Dental replacement using titanium implants is nowadays a
quite common procedure in oral surgery.1 Millions of den-
tal implants are placed per year worldwide, and this num-
ber is expected to increase.2 The success rate of dental
implant installation depends on the quality and quantity of
alveolar bone which is present in the extraction site.3,4 If
sufficient bone is not available, an augmentation strategy is
required, using bone substitutes, such as autografts, xeno-
grafts, allografts, and osteoactive agents.5 The common use
of autografts or allografts is affected by the morbidity and
the risk of transmission of disease associated with the

donor site; thus, the use of xenograft and synthetic material
is more and more attractive.6-11 Xenografts, from porcine
or bovine source, are widely used in clinics since they have
a fine microarchitecture and properties of the original bone
tissue.12,13 Depending on the purification process from the
animal source they could preserve some biomolecular
structure in the mineralized matrix which makes the mate-
rial highly biocompatible, making them a reliable alterna-
tive to autografts. Synthetic bone fillers, mostly based on
calcium phosphate materials, have been widely used due to
their good reproducibility, biocompatibility, nonimmuno-
genicity, and also because they offer the opportunity of
advanced material engineering.14,15 Structural, chemical,
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and morphological properties could be customized varying
the synthesis parameters, the Ca/P ratio, the starting materi-
als to maximize the rate of new bone formation and tune
the degradation rate, miming the behavior of natural
bone.16-20 Hydroxyapatite (HA) and b-tricalcium phosphate
(b-TCP) are widely used in bone tissue engineering as
bone filler particles. HA is the most abundant component
in native bone (around 65% of the inorganic phase) but
despite the excellent biocompatibility and mechanical prop-
erties, the slow degradation rate limits its use as bone filler
only.14,21,22 Usually, HA is combined with b-TCP, since
the latter has a degradation rate 3-12 times faster than
HA.23 The ratio of HA and b-TCP is the key point in order
to obtain a bone filler with good mechanical properties and
degradation rate, maintaining the biocompatibility and the
osseointegration capability.24,25

While most research papers deal with bulk properties of
bone fillers, surface properties are an important tool offered
by material science to stimulate osseointegration.26 The
solid-liquid (body fluids) interface dominates the biological
response of the host tissue, adhesion, and differentiation of
cells.27 Great efforts are currently addressed at the develop-
ment of coating or surface treatments to encourage tissue
growth, since it is supposed that tissue-biomaterials interac-
tions are regulated by surface properties and that the “primary
interaction zone,” where the important interaction occurs, is
generally between 0.1 and 1 nm of the biomaterial surface.28

Many surface modification approaches have been imple-
mented by research groups, such as,29 physiochemical (sur-
face charge),30 morphological (roughness),31 or biochemical
(adsorption or immobilization of biomolecules).32,33

Simply trapping cells on the surface is not enough for
an effective interaction with the host tissue, it is mandatory
to encourage cells to migrate to the material surface and to
stimulate them to differentiation.34 In particular, biomolecu-
lar modification of surface is an effective strategy to
improve bone-material interaction, and could be combined
with morphological modification (such as porosity), which
act as an anchorage for the cells.26,35 Many studies have
been conducted on the mechanism by which cells adhere to
substrates, and great advances have been made in under-
standing how biomolecules attached on the surface could
influence the differentiation and remodeling process of the
host tissue.28,36-38 The effect of extracellular matrix peptide
is fundamental to promote cell adhesion and to promote
cell interaction with the biomaterials; in particular, certain
sequence found in a number of different extracellular
matrix, Arg-Gly-Asp (RGD) is the key founding which
serves as a primary cell attachment cue.39,40 In orthopedic
and dental application, the use of a biochemical surface
modification allows to control the initial bone-implant
interaction through an organic molecule which is a compo-
nent of bone. In those fields, a number of paper underline

the role of collagen type I in bone regeneration, since it is
the most abundant protein in bone, where it makes around
85% of the organic phase.41,42 Our research group has
recently developed a new synthetic biomimetic bone filler,
Synergoss� (SC+) that exploits the novelty concept of
biomolecular surface engineering, to deliver directly to the
filler-implant interface the signaling properties of type I
collagen.43 Contrary to the clinically available bone fillers
from animal source, where the collagen is embedded in the
inorganic matrix, Synergoss� contains just a surface cross-
linked collagen nanolayer, with a thickness of the order of
nanometers, on top of biphasic calcium phosphate (200-
1000 lm) granules. Collagen type I is the most abundant
protein in bone, where it makes around 85% of the organic
phase.43-45 It contains RGD sequence and it plays an
important role in osteoblast cells behavior, promoting not
only cell adhesion, but also osteoblastic differentiation of
bone marrow cells and controlling the osteogenic path-
way.45 If the collagen is exposed on the surface, it interacts
also with growth factor and other biomolecules, making the
surface of the bone filler an osteoinductive matrix.46 Fur-
thermore, collagen shows well-known hemostatic proper-
ties, and it activates platelets in an unique way. Since, the
blood-implant interaction is very important in the early
stage of bone healing, the procoagulant properties of colla-
gen enhance the osseointegration of the bone filler.47 The
properties mentioned above are fundamentals for a more
rapid and healthy bone regeneration, particularly in dental
field, where the presence of bacteria could interfere with
tissue regeneration.

The scope of this paper is to compare, by a combination
of advanced surface analysis techniques, the surface proper-
ties of Synergoss� and the most used bone fillers present
on the market.

This work emphasizes the surface properties of the most
used bone filler in dental field, since the biomolecular sur-
face engineering could upgrade the properties of implant
devices, by promoting more specific and targeted implant-
host cell interactions. We compared the commercially
available bone fillers with Synergoss�, which excellent bio-
compatibility has already been reported in vitro and in vivo
in a previously paper.44 The general aim is to show that
biomolecular surface engineering can be at the basis of a
novel generation of granulated bioceramics, combining
mechanical and structural properties of calcium phosphates
with specific surface signaling.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials

Tests were performed on materials in the “on the shelf”
conditions, that is, they were taken from commercially
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available vials, not expired, sealed and sterile, as follows.
Tested materials were chosen to encompass bone fillers of
different origins (xenograft from bovine and porcine, syn-
thetic alloplastic), including different biomimetic factors
preserved during purification process from animal bone
tissue, namely:

Bio-Oss� (Geistlich Pharma AG, Wolhousen, Switzer-
land) code 30643.3/5 00 079, lot 8 15 00471, 0.5 g vial; is
spongiosa granules from bovine source, produced by Geis-
tlich Pharma AG. The granules (250-1000 lm) are purified
through a proprietary extraction process (heat treatment, up
to 300°C, using alkalis and organic solvent) which makes
the material not antigenic and protein free.

Gen-Os (Osteobiol� by Tecnoss Dental srl, Pianezza,
Italy) code M1010FS, lot 16 0158, 1 g vial; is a xenograft
material constituted as a mixture of cancellous and cortical
bone (80%-20%) from porcine source. It is provided as
granules (250-1000 lm) and it is obtained through a low
temperature process which allows to eliminate any patho-
genic elements, preserving the structure and the composi-
tion of natural collagen and hydroxyapatite.

BoneCeramic� (Straumann USA LLC, USA) code
070.205, lot KE369, 0.5 g vial; is a granules biphasic cal-
cium phosphate alloplastic (500-900 lm). It is composed
of hydroxyapatite and b-tricalcium phosphate, in the per-
centage of 60%-40%.

Synergoss�, (henceforth SC+), bio-enhanced synthetic
bone filler, biphasic calcium phosphate composed by 25%
Hydroxylapatite and 75% b-Tricalcium phosphate,44 bear-
ing a surface coating of collagen type I, code P11, lot
15 009, 1 g vial

Furthermore, as a comparison, Synergoss� without the
collagen surface layer (SC�, lot 15 008), that is a biphasic
calcium phosphate composed by 25% hydroxylapatite and
75% b-Tricalcium phosphate, was obtained from the
producer.

2.2 | Surface analysis investigation

2.2.1 | Morphological characterization (SEM)

Scanning Electron Microscopy (SEM) analysis was per-
formed to observe the surface morphology of bone fillers.
Samples were mounted on aluminum stubs and sputtered
with gold at 15 mA for 2 minutes using Agar Sputter
Coater. The morphology of granules was captured using
EVO MA10 system (Zeiss).

2.2.2 | ATR-IR

ATR-IR spectra were obtained using a Nicolet iS10 ATR-
IR spectrometer, produced by Thermo Scientific and
equipped by a diamond crystal. Samples were gently

placed on the crystal and kept in place by the specific
crimping tool. The experimental set up involves acquisition
of 32 scans in the range 500-4000 cm�1, both of sample
and background, at a resolution of 4 cm�1.

2.2.3 | XPS

XPS analysis was performed using a Perkin Elmer PHI
5600 ESCA system. The instrument is equipped with a
monochromatized Al anode operating at 10 kV and
200 W. The diameter of the analyzed spot is approximately
500 micrometers, the base pressure 10�8 Pa. The angle
between the electron analyzer and the sample surface was
45°. Measurements were performed by pressing granules,
in order to make a complete layer on a double-sided adhe-
sive tape, one side of which was fixed to the instrument
sample holder. Analysis was performed by acquiring wide
range survey spectra (0-1000 eV binding energy) and
detailed high resolution peaks of relevant elements. Quan-
tification of elements was accomplished using the software
and sensitivity factors supplied by the manufacturer.

2.2.4 | Zeta potential measurement
(f-potential)

f –potential measurement was performed using SurPass 3
equipped with a cylindrical cell for granulate materials
(Anton-Paar GmbH, Graz, Austria). Measurement was per-
formed using the Cylindrical Cell, and for each bone filler
material, 1.5 g of granules were transferred into the cylindri-
cal compartment of the cylindrical cell and mounted
between support disk and filters (with 25 lm mesh) on both
sides of the granular sample plug; 0.001 mol/L KCl was
used as electrolyte solution. Analysis was performed accord-
ing to pH scan method. It consists of the measurement of
the streaming potential at different pH, between 9 and 5.
The pH of electrolyte solution was modified automatically
by the instruments using a 0.05 mol/L HCl and 0.05 mol/L
KCl. At each pH point, three measurements were performed
in order to condition the sample, then the fourth value was
taken and reported. To calculate the f-potential, the Helm-
holtz-Smoluchowski equation was used:

f ¼ dlstr
dDp

� g
e � e0 � L

A
(1)

In this equation, the streaming current coefficient dlstr/d is
related with the cell constant L/A, where L is the length of
the slit channel formed between the two samples forming
the capillary, and A is the area cross-section of the capil-
lary. Η and e are the viscosity and dielectric coefficient of
the solution forced to pass through the capillary. If the
Ohm’s law is used, it is possible to substitute the streaming
current with the streaming potential as follow:
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f ¼ dUstr

dDp
� g
e � e0 � L

A
� 1
R

(2)

This equation requires knowing the geometry of the chan-
nel. In case of flat surfaces, it is possible to take L as the
sample length, and the gap between the two surfaces is cal-
culated from the measured volume flow rate of liquid pass-
ing through the channel and the generated differential
pressure. In the case of irregular shaped samples, such us
granulates material, this approach is not suitable. In this
case, the cell constant L/A and the resistance R are substi-
tuted by the electrical conductivity j.

j ¼ 1
R

� L
A

(3)

and the Equation 2 became:

f ¼ dUstr

dDp
� g
e � e0 � j (4)

The electrical conductivity inside the streaming channel
cannot be measured directly; however, just for nonconduct-
ing samples it is possible to replace it by the conductivity
of the bulk electrolyte solution. Thus, in the present case
of irregularly shaped ceramic granulated materials, it is
possible to use the Helmholtz-Smoluchowcki approximated
equation:

f ¼ dUstr

dDp
� g
e � e0 � jB (5)

All calculations were performed by the instrument
software.

3 | RESULTS

3.1 | SEM

Morphology and surface area play a fundamental role in
the interaction of osteogenic cells with biomaterials sur-
faces.5,48 Micro-/macrosurface pores and roughness influ-
ence cell and tissue response to implants.49-51 Porous
surfaces promote mechanical interlocking, bone ingrowth,
and increase fixation and stability of the implant. Rough-
ness and porosity act as guide for bone cells providing sup-
port and stimulating proliferation and differentiation.52

Figure 1 shows SEM images of surfaces of granules of
tested bone fillers, at two different magnifications
(2000 9 and 10 000 X). Surface morphology of xenograft
materials, Gen-Os� and Bio-Oss� is quite similar, with a
classical stratified structure, similar to the natural bone, low
microporosity and a quite uniform roughness more devel-
oped on Bio-Oss� surface. As to synthetic bone fillers
(SC+, SC�, and BoneCeramic�), some interesting remarks
can be made. BoneCeramic� bone filler shows a compact

surface, with high grain size, which is the result of a sinter-
ing process conducted at high temperature, or for long
time.53,54 This process creates a rough surface due to the
fusion of the grains with each other, but without microp-
orosity on the surface.54 On the other hand, SEM images
show a highly porous surface for Synergoss� (SC+) and
SC� material, reflecting a different manufacturing process,
which enhances the microporosity of the granules, and con-
sequently the surface area. Sintering is conducted in a way
that the single grain grows and bridges with the others, cre-
ating a network, providing mechanical stability but preserv-
ing the fundamental micro-porosity. Some collagen fibers
are clearly visible in the SEM image at 10 000 9 of SC+,
compared to SC�. Fibers are a few micrometers long,
while the width is of the order of the tens of nanometers,
in good agreement with AFM findings of collagen fibers
on mica.43

3.2 | ATR-IR

All tested bone fillers were analyzed by ATR-IR, to pro-
vide information concerning the chemical composition and
the main functional groups. In Figure 2A, are reported the
spectra of the material analyzed from 500 to 4000 cm�1,
Figure 2B,C focus on the peaks related to the inorganic
phase (650-1500 cm�1) and the organic phase (1200-
3700 cm�1), the material’s spectra were compared with the
pure HA, b-TCP, and collagen type I from porcine source.
All bone fillers are calcium phosphates, so they all show
the typical bands originated by this mineral in the range
between 950 and 1140 cm�1.44,55,56 However, subtle differ-
ences can be detected depending on details of the mineral
composition percentage, source, processing, etc. Figure 2B
focuses on triply degenerated asymmetric stretching mode
of P-O bond of phosphate group. SC+ shows peaks from
both hydroxyapatite and tricalcium phosphate. The
1125 cm�1 peak is due to tricalcium phosphate, while
peaks 1025 cm�1 and 1010 cm�1 are typically associated
with HA, overlapped with the component due to the
b-TCP.3,57 The intensity of the peak due to the b-TCP
phase (90 cm�1 and 1000 cm�1), is higher than that of
HA, according with the composition of the material (75%
of b-TCP and 25% of HA). Furthermore, the main peak is
shifted at 1010 cm�1, more similar to the b-TCP spectrum.
The SC� spectrum is definitely identical to that of SC+, as
shown in Figure 2A,B. BoneCeramic� yields spectra very
similar to those of SC+ and SC�, since it is composed of
a mixture of HA and b-TCP. However, it contains a higher
percentage of HA (60% compared with the 25% of Syner-
goss�), and this is clearly shown in Figure 2B, which is
quite similar to the pure HA spectra. Peaks, at 1125 cm�1

and 1025 cm�1 are associated with the P-O stretching bond
(m3) of HA phase. Peaks between 950 and 1000 cm�1
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associated with the b-TCP are not visible in the spectrum.
Bone fillers from animal source, Bio-Oss� and Gen-Os�,
show again the typical bands of calcium phosphates in
the range of 950 cm�1 and 1025 cm�1. Bio-Oss�, shows
intense peaks at 1025 cm�1 and 1125 cm�1, which are
associated at the mineral constituent of the HA; while
Gen-Os� spectrum shows features more similar to b-TCP.
There is a shift in the principal peak from 1025 cm�1 to

1015 cm�1, for Gen-Os�, which shows also a lower
intensity of the inorganic peak compared to the Bio-Oss�.
This is probably due to the process used to obtain Bio-
Oss� bone filler, where high temperature and the use of
organic solvent make the material completely protein
free.5

Spectra of both Bio-Oss� and Gen-Os� show, in
addition, a low intensity double-band at 1410-1460 cm�1

FIGURE 1 Images of the
morphological structure obtained by
scanning electron microscopy of the surface
of different bone fillers (Bio-Oss�,
BonCeramic�, Gen-Os�, SC�, and SC+),
at different magnifications, 2000 9 and
10 000 9
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that corresponds to stretching vibration of CO3.
2-5,14

However, Bio-Oss� have an higher intensity compared to
Gen-Os�, indicating an higher amount of carbonate
compounds.58,59

As to the organic phase, in Figure 2C, the spectra of col-
lagen type I is reported for comparison with the investigated
materials. Collagen shows a characteristic IR spectrum, with
absorption bands of amide I at ̴ 1650 cm�1, amide II
at ̴ 1560 cm�1 and a set of three weaker bands that represent
amide III vibration modes centered at ̴ 1245 cm�1.60 A fur-
ther absorption peak between 3100 and 3400 cm�1 is pre-
sent, due to the –OH bond and NH stretching. Gen-Os� goes
through a low temperature process which allows to maintain
the collagen component,5 inside the matrix, and its presence
is clearly visible in the spectrum reported in Figure 1C,
where peaks above 1400 cm�1 are all associated with
collagen matrix.

Collagen on the SC+ surface is not detected. The sam-
pling depth of ATR-IR, using a diamond crystal, is several
hundred nanometers. Moreover, the irregular shape of bone
filler granules and the ensuing incomplete contact between
crystal and sample, lowers the sensitivity of this technique.
Thus, the collagen layer is very thin as compared to the
technique sampling-depth and its intensity is very low as

compared to that of the inorganic phase, therefore it is not
detected with this technique.

3.3 | XPS analysis

The chemical composition of the surface of tested bone fil-
lers was evaluated by XPS. This technique is much more
surface-sensitive than ATR-IR, the sampling depth is a few
nanometers. Spectra of all analyzed samples are obviously
dominated by the peaks of oxygen, calcium, and phospho-
rus, beside ubiquitous adventitious carbon contamination
due to adsorption from the atmosphere. Interesting hints

FIGURE 2 ATR-IR spectra of analyzed bone fillers (Bio-Oss�, BonCeramic�, Gen-Os�, SC�, and SC+) between 500 and 4000 cm�1 (A).
Focus on the peaks related to the inorganic phase (650-1500 cm�1) (B) and the organic phase (1200-3700 cm�1) (C)

TABLE 1 Surface composition (% at.) of tested bone fillers
analyzed through XPS

Sample O [at%] N [at%] Ca [at%] C [at%] P [at%]

Bio-Oss 39.6 - 27.2 18.6 14.6

Gen-Os 39.1 - 25.0 22.9 13.0

BoneCeramic 36.2 - 23.6 27.4 12.8

SC� 35.7 - 22.0 28.9 13.4

SC+ 26.6 9.8 11.1 45.9 6.6
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are provided by the detected surface stoichiometry, as
reported in Table 1.

As expected, the surface composition of all samples is
very similar, except for SC+. The latter shows significantly
more carbon and significantly less calcium and phospho-
rous as compared to the remaining bone fillers. Moreover,
it shows a significant amount of nitrogen, which is not
detected in any of the remaining materials. The obvious
reason for these data is that a thin (to the point to be unde-
tected by ATR-IR) proteinaceous layer covers the outer
surface of SC+, yielding the C and N contribution to sur-
face stoichiometry and attenuating the signal from “core”
elements Ca and P.44,55

A further interesting observation is that the surface com-
position of Gen-Os�, whose ATR-IR spectrum clearly
shows collagen-related bands, does not contain N: this sug-
gests that the proteinaceous component of this material is
embedded within the bone matrix and it is not exposed on
the material surface.

3.4 | Zeta potential measurement
(f-potential)

The f-potential generated at the material-aqueous interface
by the surface charge of the tested materials as a function
of pH in 1 mmol/L KCl is shown in Figure 3A,B. The

graph in Figure 3C shows the f-potential values at physio-
logical pH 7.4.

Data can be, broadly speaking, divided into three
groups: BoneCeramic�, SC- and Gen-Os� show negative
values in the whole tested pH range: this means that in
every case, negative charges dominate the aqueous inter-
face; Bio-Oss� is still mostly negative, yet its f-potential is
much lower (in absolute value) compared with materials of
the previous group and it shows an isoelectric point at low
pH; SC+ shows an amphoteric behavior and from slightly
below pH 7 toward the acidic range its f-potential turns
positive, meaning that at the material/aqueous interface
positive charges establish a positive interfacial potential.
Insight from the results provided by the different techni-
ques adopted, will be discussed in the next section.

4 | DISCUSSION

Five different bone fillers, both from animal and synthetic
origin, were analyzed by a range of surface-sensitive tech-
niques. Starting from morphological properties, it has been
shown that microporosity plays an essential role in influ-
encing cell adhesion to the biomaterial surface, while
macroporosity promotes blood vessel infiltration, nutrients
transportation, and clot formation, which is important to

FIGURE 3 Graphical images of the principle of zeta potential measurement for solid surfaces (Bio-Oss�, BonCeramic�, Gen-Os�, SC�,
and SC+) (A). pH scan curve from 9 to 5.5 (B), and zeta potential value at physiological pH 7.4 for all bone fillers tested (C)
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stimulate the overall healing process, besides allowing cell
infiltration and new bone growth.35,61-64 Surface area is
affected to the microporosity and particle size which
depend to the manufacturing process (sintering purification,
temperature). Usually, increasing these parameters,
increases osseointegration.65 Macroporosity is formed
between one particle and another. It is affected by the parti-
cle size, because particle size affects the packing character-
istics of the material.35,61 The tested materials show widely
different porosities, reflecting both the source (natural bone
vs synthetic) and the process (BoneCeramic� Vs SC+,
SC�). Existing clinical data show ample variability and
suggest that, in general, all detected morphologies are suit-
able in light of the intended use.66-69

Chemical data obtained from this work, that is, ATR-IR
and XPS measurements, itemize the tested materials into
two different categories: those that are completely inorganic
(Bio-Oss�, BoneCeramic�, and SC�) and those that con-
tain also organic (proteinaceous) material (Gen-Os� and
SC+). As to the first category, while chemical differences
exist in terms of relative amount and nature of calcium
phosphate phases contained in each of them, the most strik-
ing result from this study is the different behavior shown
by f-potential measurement. Calcium phosphate materials
usually show a negative charge on the surface and an
acidic behavior due to the dissociation of ceramic com-
pounds in phosphate ions PO4

3�, which bind with H3O
+ in

solution to form acidic species (HPO4
2�, H2PO4

�,
H3PO4).

70,71 In the present case, while all three materials
are, generally speaking, acidic, that is, they show negative
f-potential values along almost the whole range of pH
tested, Bio-Oss� is definitely less acidic than the others. It
is also definitely less acidic than the other tested bone filler
from animal source, that is, Gen-Os�. It reaches an Isoelec-
tric Point (IEP, the point where the f-potential is equal to
zero, and where the surface charge is balanced72) at pH of
5.74. A possible explanation of this behavior is that the
composition of Bio-Oss�, analyzed through IR, reveals the
presence of hydroxyapatite and calcium carbonate, and a
lower amount, compared to Gen-Os� of b-TCP.58 This is
probably the reason for the different magnitude of the f-
potential between the two xenograft materials analyzed and
among Bio-Oss� and the other wholly inorganic bone fil-
lers tested. The acidity resulting from the combination of
CO3

2� dissociated ions from the surface of Bio-Oss� with
H3O

+ from the solution, is lower than that formed by Gen-
Os� which generates more phosphoric acids, due to the
high dissolution of b-TCP.70 Many research groups have
demonstrated that HA is stable in a body fluid, while b-
TCP is rather soluble.23,73 Bio-Oss� shows a f-potential
curve with a long plateau and no buffer behavior, neither
at acidic pH. Zeta potential analysis supported by spectro-
scopic technique yields very specific information on

surface chemistry, since just the surface affects the stream-
ing potential.

A further interesting observation within the “inorganic”
category is that BoneCeramic� shows a much more nega-
tive f-potential value than SC�, with a long flat curve
resulting in a strong acidic behavior of the surface in solu-
tion. Literature shows that the surface charge depends on
the sintering temperature and time.71,74 Analyzing the
microstructure of the BoneCeramic�, through SEM, Fig-
ure 1, it is possible to observe a much lower micro-poros-
ity, as compared to SC�, meaning a higher level of
sintering.75

A particularly interesting result from this study involves
the different contribution of proteinaceous material to sur-
face properties of Gen-Os� and SC+. The collagen layer
on the SC+ surface is not detected in the IR spectrum,
while typical amide bands are clearly detected in the analy-
sis of Gen-Os�. On the other hand, when surface sensitiv-
ity is enhanced by adopting a technique with lower
sampling depth (XPS), SC+ shows a clear nitrogen signal
while the surface of Gen-Os� is completely inorganic.
Basically, this is due to the fact that, in bone, collagen is
embedded within the inorganic matrix, and it does not con-
tribute to interfacial interactions.76 Many studies demon-
strated that the primary interaction between implant and
tissue occurs in the first nm (0.1-1 nm) from the surface of
the material.28 Following this way, many efforts have been
made in order to optimize the surface of existing materials
rather than incorporating biomolecules into the matrix,
without exposing the important sites to the surrounding
cells. Along this line, SC+ bears a collagen nanolayer on
the surface which is directly exposed to the host tissue and
can interact with cells in order to stimulate bone regenera-
tion. Collagen as fibrous protein is the major component of
mammalian connective tissue.77 It is involved in many fun-
damental biological processes, and in particular, it is
involved in cell attachment.41 Among the many types of
collagen, Type I collagen is the most abundant and build-
ing up of a thin collagen nanolayer on implanted medical
devices could enhance and improve the host tissue
response.72 Collagen, is a typically amphoteric protein,
containing amino groups in the side chains of basic amino
acid residues (such as lysine and arginine) a carboxylic
groups on the acidic side chains (such as glutamic and
aspartic acid). This chemical structure allows collagen to
bind and release H+ and to be ionized in aqueous solution,
and it makes the surface amphoteric, that is, positively/neg-
atively charged depending on the pH.72 The collagen layer
adsorbed on the Synergoss� (SC+) surface is cross-linked,
to make the bimolecular surface more stable during the
implantation time; the cross-linking step leads to the con-
sumption of some of the acidic/basic groups of the side
chain. Therefore, depending on the cross-linking
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procedures, the f-potential curve and the isoelectric point
could change.78,79 In this study, the presence of collagen
nanolayer is clearly visible in Figure 3A, comparing SC+
and SC� (ie, the same SC+ inorganic base without colla-
gen) behavior. SC+ shows almost a completely positive
curve, due to the dissociation of NH3

2+ which attract the
OH� from the liquid, showing a slightly acidic surface
behavior. The formation of a plateau during a f-potential
measurement, and a single value of pKa of the surface,
means that interfacial charge behavior is dominated by
chemical functionalities on the surface of the material
rather than ions from the solution. An initial slightly nega-
tive f-potential value was recorded at basic pH, with an
inversion of f-potential sign at pH 6.7, which is the IEP
off SC+, followed by a positive plateau. Pure collagen
shows, usually, a IEP around 10. The decrease in IEP in
SC+ is due to the presence of ceramic surface partially
exposed to the solution, in particular due to the micro-por-
osity of the bone filler, which allows the infiltration of the
solution.71,80 Gen-Os�, which keeps the collagen phase
inside the matrix, shows a classical negative f-potential
curve. The proteinaceous component of Gen-Os� is thus
not available for interfacial interactions at the host tissue/
biomaterial interface and it does not affect surface proper-
ties of the material. The surface-bound collagen layer on
SC+, instead, affects surface properties and it changes the
way the phosphate ceramics interacts at the aqueous inter-
face in the crucial early phases of host cell colonization
and beginning of the bone regeneration process.

5 | CONCLUSION

Results from the several surface analysis techniques high-
light the differences in terms of surface properties between
SC+ and the conventional commercially available bone fil-
lers. SC+ is based on a process based on bio-design con-
cept,44 and it presents a collagen layer to the surrounding
environment, combining biomolecular signaling properties
to scaffolding effects of bioceramics. In particular, data show
that the collagen layer is exposed to and affects the properties
of the material interface, as detected by the surface composi-
tion of the first few nanometers (XPS) and by the amphoteric
surface charge behavior. Bone fillers containing collagen
embedded within the inorganic matrix shows instead surface
chemical composition and interfacial electrical behavior sim-
ilar to those of wholly inorganic bone fillers.71
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