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Abstract: Surface modification of bioceramic materials by covalent immobilization of biomolecules is
a promising way to improve their bioactivity. This approach implies the use of organic anchors to
introduce functional groups on the inorganic surface on which the biomolecules will be immobilized.
In this process, the density and surface distribution of biomolecules, and in turn the final biological
properties, are strongly influenced by those of the anchors. We propose a new approach based on
Raman 2D mapping to evidence the surface distribution of organosilanes, frequently used as anchors
on biomaterial surfaces on hydroxyapatite and silicated hydroxyapatite ceramics. Unmodified and
silanized ceramic surfaces were characterized by means of contact angle measurements, atomic force
microscopy (AFM) and Raman mapping. Contact angle measurements and AFM topographies
confirmed the surface modification. Raman mapping highlighted the influence of both the ceramic’s
composition and silane functionality (i.e., the number of hydrolysable groups) on the silane surface
distribution. The presence of hillocks was shown, evidencing a polymerization and/or an aggregation
of the molecules whatever the silane and the substrates were. The substitution of phosphate groups
by silicate groups affects the covering, and the spots are more intense on SiHA than on HA.

Keywords: hydroxyapatite; silanization; Raman mapping; atomic force microscopy; surface
free energy

1. Introduction

In the field of bone surgery, the treatment of pathologies such as the repair of large osseous
defects, still requires a satisfactory solution [1]. To overcome this limitation, research efforts are
currently being made to improve the performances of synthetic bone graft substitutes. Several
strategies have been developed including biomaterial surface functionalization by molecules of
interest that are able to enhance osteointegration by osteoinduction, i.e., the ability for the biomaterial
to generate in vivo cell colonization and induce bone formation by the presence of biomolecules
inducing the differentiation of cells involved in bone synthesis [2]. Since the 1980s, calcium phosphate
hydroxyapatite (HA, Ca10(PO4)6(OH)2) has received a great deal of attention as a material for
bone substitution. Its chemical composition is close to the mineral part of bone, which induces
interactions between the bone tissue and the biomaterial leading to a strong interface after implantation.
Hydroxyapatite ceramics are osteoconductive, i.e., they allow bone growth on their surface, but they
have limited bioactivity [3–5]. Several strategies are being developed to increase their biological
performances including the substitution of various ionic species in the apatitic structure [6]. In this field,
silicon is known to influence the strength, the formation and the calcification of the bone tissue [7,8],
and this has led to the development of silicon containing biomaterials [9]. Among these biomaterials
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particular attention has been given to silicated hydroxyapatite (SiHA, Ca10(PO4)6−x(SiO4)x(OH)2−x)
ceramics [10–12], whose biological properties are currently being investigated [13–15]. Functionalizing
the surface with specific biomolecules [16] could increase HA ceramics biointegration by stimulating
the behavior of the cells involved in angiogenesis and/or osteogenesis. This functionalization can be
carried out by adsorption or by covalent immobilization via anchor agents such as organofunctional
alkoxysilane molecules [17]. For the latter, most of the protocols are based on a “grafting-from”
approach, which involves three steps: (i) silanization of material surface by a silane (i.e., an anchor)
having a functional terminal amine group (mainly 3-aminopropyltrimethylethoxysilane) [18,19],
(ii) bonding of a cross-linker/spacer with the silane (e.g., N-succinimidyl-3-maleimido propionate
(SMP) [20–22], carbodiimide coupling agent [23,24], suberic acid bis-N-hydroxysuccinimide ester
(DSS) [25], heparin [26] and (iii) immobilization of the biomolecule on the cross-linker (e.g., peptide
sequences [20,21,25,27] or proteins [23,24,26]). Whatever the grafting protocol is, the surface density
and distribution of immobilized biomolecules is directly determined by those of the anchor agent.
In this way, the biological properties of the hybrid biomaterial will also depend on the initial silanization.
Thus, good knowledge of this silanization step is of prime importance in the development of such
functionalized biomaterials. In the literature, most of the investigations have been devoted to proving
the presence of the molecule on the ceramic surface in order to determine its quantity, or in some cases
to propose a mechanism of interaction between the calcium phosphate surface and the silane [19].
The most common characterization techniques found in these articles are spectroscopic methods such
as energy-dispersive spectroscopy, secondary ion mass spectrometry, infrared spectroscopy (FTIR) or
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron
spectroscopy (XPS). They are used to get information on the constituent elements, organic modifiers
and chemical composition of the surface after functionalization [17]. In parallel, thermogravimetry
analyses (TGA) coupled with mass spectroscopy (MS) are employed for the study of the interaction
strength between the attached organic groups and the surface and estimate the quantity of immobilized
molecules [28]. However, none of them give an overview of the chemistry of the substrate surface,
i.e., spatial repartition and coverage of the ceramic surface by organosilane molecules. 2D Raman
mapping is a relevant technique to analyze large samples and to access various kinds of information
like mechanical stresses in nanomaterials [29,30], crystallographic orientations [31,32], chemical
compositions (pigment [33], algae [34]) or to study corrosion phenomena [35], etc. Some studies are
also available in the health domain for drug delivery analysis [36–38] or characterization of bone
composition [39–41].

This study proposes an approach based on Raman mapping to chemically characterize a silanized
surface and highlight the influence of the silane functionality (i.e., the number of hydrolysable
groups) and the chemical composition of the substrate on the surface coverage. HA was chosen
as a reference bioceramic material. As a consequence, silicon-substituted HA was retained due
to its potentially improved biological properties when compared to HA but also because silicate
groups in SiHA could provide preferential sites for silane immobilization at the ceramic surface
via Si-O-Si covalent bonding [42]. Two organosilanes containing one and three hydrolysable
groups, respectively, were used. The 3-aminopropyltriethoxysilane (APTES) was chosen as it
is commonly used and well known for inducing polymerization due to its tri-ethoxy groups,
and the 3-aminopropyldimethylethoxysilane (APMES) was chosen to assess the feasibility of the
functionalization with mono-functional organosilanes. The properties of silanized ceramic surfaces
were characterized by means of three complementary methods: atomic force microscopy for surface
topography measurements, contact angle for wettability measurements and calculation of the surface
free energy, and Raman spectroscopy to obtain a chemical image of the surface and deduce the surface
distribution and the coverage of organosilanes.
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2. Results

2.1. X-ray Diffraction

The XRD patterns of HA and SiHA pellets are shown in Figure 1. They exhibited a unique crystalline
hydroxyapatite phase indexed with the pattern PDF 9-432 of the apatite structure. No secondary
crystalline phase was detected as expected [11,43].
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Figure 1. XRD patterns of (a) HA pellet and (b) bare SiHA pellet.

2.2. Atomic Force Microscopy

AFM topography images of bare (i.e., before silanization) HA and SiHA substrates and those of
silanized substrates, with APMES and APTES molecules, are presented in Figure 2. Before silanization,
the bare surfaces were quite flat and homogeneous with a roughness (RMS) inferior to 10 nm
(Figure 2a,b), even though some polishing scratches were observed. The HA-M (14 nm, Figure 2c) and
SiHA-M (15 nm, Figure 2d) pellets present homogeneous and gloss-like surfaces and the roughness is
increased compared to bare HA (8 nm) and SiHA (6 nm) ceramics. A discontinous film presenting
some hillocks can be observed, suggesting an aggregation of APMES molecules on the surface,
espacially on SiHA ceramics. It can be noted that there is no visible polishing-related scratch.
The roughness of HA-T (Figure 2e) and SiHA-T (Figure 2f) is five times higher than that of bare samples
(≈40 nm versus ≈6–8 nm), moreover, the z-amplitude of the surfaces is wide (≈300 nm). Even though
some scratches are present, they cannot explain these results. The surfaces are homogeneous with a
gloss-like aspect, suggesting the presence of a continuous film with numerous aggregates covering the
surface for both the HA-T and SiHA-T samples. Thus, in all cases, silanization modifies the surface
topography of ceramics and the influence of silanization on the roughness depends on the molecule
used: the greater the functionality of the silane, the greater the impact on the substrate topography.
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Figure 2. AFM surface topographies of (a) bare HA pellet, (b) bare SiHA pellet, (c,e) silanized HA
pellets, and (d,f) silanized SiHA pellets. The standard deviation of the RMS values is determined with
regard to the average of three values obtained from three different AFM topographies and for each
sample. It is worth ± 4 nm for all samples.

2.3. Wettability and Free Surface Energies

The surface free energies of bare HA and SiHA ceramics are 41 mJ/m2 and 47 mJ/m2, respectively
(Table 1). The difference observed between these two substrates is due to the fact that their behavior
is not the same regarding water. HA is a little less hydrophilic than SiHA, which is highlighted
by the water contact angles (θw,HA = 62◦; θw,SiHA = 52◦) and the polar components of surface free
energies (γp

s,HA = 14 mJ/m2; γp
s,SiHA = 19 mJ/m2). After functionalization, the behavior of substrates

is modified, especially in the case of water as liquid and HA as substrate. The contact angle θw

increases after functionalization (θw,HA-M = 80◦; θw,HA-T = 88◦ and θw,SiHA-M = 64◦; θw,SiHA-T = 69◦)
leading to an important decrease in the polar component of surface free energies (γp

s,HA-M = 5 mJ/m2;
γp

s,HA-T = 1 mJ/m2 and γp
s,SiHA-M = 16 mJ/m2; γp

s,SiHA-T = 9 mJ/m2). This highlights the more
hydrophobic behavior of the silanized surfaces. The dispersive components (γd

s) of surface free
energies slightly increase from 28 mJ/m2 for HA to 40 mJ/m2 for HA-T, and from 28 mJ/m2 for SiHA to
33 mJ/m2 for SiHA-T. Globally, the total surface free energies of silanized HA are in the same order of
magnitude as for bare HA, though a slight decrease can be observed when the functionality of the
silane decreases. A more important decrease is observed in the case of SiHA. After functionalization,
the surface free energies drop from 47 mJ/m2 down to 38–42 mJ/m2. However, whatever the substrate
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is, for a given silane, the surface free energies are the same and after silanization the dispersive
components increase and the polar ones decrease accordingly.

Table 1. Contact angles (◦) obtained with water (θw), diiodomethane (θdm) and ethylene glycol (θeg)
and surface free energies (mJ/m2), dispersive (γd

s) and polar (γp
s) components of substrates calculated

from the Owens-Wendt equation (Equation (3)). The standard deviation of the contact angles values is
determined with regard to the average of twenty measurements.

Samples
Contact Angle (◦) Surface Free Energy (mJ/m2)

Mean θw Mean θdm Mean θeg γd
s γp

s γs

HA 62 ± 2 45 ± 1 51 ± 2 28 14 41
HA-M 80 ± 2 46 ± 1 54 ± 1 32 5 37
HA-T 88 ± 2 36 ± 1 54 ± 2 40 1 41
SiHA 52 ± 2 40 ± 1 43 ± 2 28 19 47
SiHA-M 64 ± 2 58 ± 1 51 ± 2 23 16 38
SiHA-T 69 ± 1 38 ± 1 50 ± 2 33 9 42

2.4. Raman Mapping

To evidence the relevant vibrational signatures that will be chosen to reconstruct the Raman
maps, individual Raman spectra of HA, SiHA and tri-functional-silane (APTES) were recorded
(Figure 3). For both HA and SiHA ceramics, in agreement with the literature data [44], the four
vibration modes of the PO4 unit in the apatite structure at 430 cm−1 (symmetric bending mode ν2),
580 cm−1 (antisymmetric bending mode ν4), 962 cm−1 (symmetric stretching mode ν1), and 1047 cm−1

(antisymmetric stretching mode ν3) are evidenced (Figure 3b,c). The stretching mode of the OH bond
is observed at 3574 cm−1 [44,45]. In the case of SiHA, the symmetric stretching mode of SiO4 units are
observed at 840 and 892 cm−1 [46] (Figure 3c).
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Figure 3. Raman spectra in the 50–4000 cm−1 wavenumber range of (a) APTES molecule, (b) HA and
(c) SiHA bare ceramics.

The region below 1500 cm−1 of the trifunctional-silane APTES spectrum (Figure 3a) presents
numerous weak bands attributed to the spectral fingerprinting of the molecule. Among them, the
stretching modes of SiO and SiC units (ν(SiO), ν(SiC)) are observed at 621 cm−1; the stretching modes
of CC (ν(CC)) units coupled with the twisting of CH2 units (γ(CH2)) and the rocking of NH2 units
(δ(NH2)) at 1076 cm−1, and finally the scissoring of CH3 and CH2 units (δ(CH3), δ(CH2)) at 1407 cm−1

and 1450 cm−1, respectively [47]. The region above 2800 cm−1 presents strong bands due to symmetric
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and antisymmetric stretching modes of CH bonds in the CH3 and CH2 units (from 2760 to 3060 cm−1)
and those of NH bonds in the amine group NH2 around 3300 cm−1. This spectrum is typical of the
silanes used in this study although the response of the monofunctional-silane APMES CH modes
is weaker because there are fewer of them. As the aliphatic stretching bands are intense and not
overlapped by those of phosphate or hydroxide groups, they can be used to evidence the presence of
the silanes on the ceramic substrates and reconstruct the Raman maps.

Three different maps of 150 × 150 µm2 were performed for each condition in order to obtain a
representatitive information of the surface of each sample (Figure 4). Spectra were recorded between
2650 and 3500 cm−1. Then, the maps were reconstructed according to the integrated intensity of the
CH modes of both CH3 and CH2 units from 2760 to 3060 cm−1. To allow the comparison of samples,
the color bar of integrated intensities was calibrated from 0 up to 40,000 (a.u). The more intense the red
color is, the more numerous the C-H aliphatic groups (and therefore the silanes) are. Whatever the
organosilane and the substrate may be, the functionalization is heterogeneous (Figure 4). Nevertheless,
trends emerge. For both HA-M and SiHA-M, some spots are randomly distributed on the surface
while for ceramics functionalized by the tri-functional organosilane the covered surface seems more
important and tends toward a film covering the whole surface.Ceramics 2018, 1, x FOR PEER REVIEW  7 of 13 
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An image segmentation method, the “Particle Analysis” module of the Wire software (version 4.3,
Renishaw, Wotton-under-Edge, UK), was used to estimate the surface covered by the organosilane.
Images were generated from the bicolor (black and red) Raman maps for which the well-depth
was fixed at 10%, thus allowing the segmentation of the image domains. The surface coverage (in
percentages) was then estimated by dividing the obtained area by the total surface of the analyzed
samples (22.5 × 103 µm2). The mean values (± standard deviation) correspond to the average of the
three measurements performed on each substrate. The presence of disseminated spots observed on
HA-M and SiHA-M suggests a low and heterogeneous coverage of the surface (respectively, 8 ± 8%
and 2 ± 3%, Table 2). More precisely, SiHA-M presents wide and intense spots (Image 2 in Figure 4)
when compared to HA-M for which smaller and less intense spots are observed. SiHA-T and HA-T
samples show high coverage rates of 26 ± 26% and 17 ± 5%, respectively. However, the standard
deviations highlight that HA-T samples are more homogeneous than Si-HA ones.

Table 2. Percentages of the surface covered by organic compounds calculated from the images presented
in Figure 3 and using Particle Analysis module of 4.3 Wire software (Renishaw). The standard deviation
of the mean values is determined with regard to the average of the three measurements performed on
each substrate.

Substrate Image 1 (Left) Image 2 (Middle) Image 3 (Right) Mean

HA-M 17 5 2 8 ± 8%
HA-T 17 23 13 17 ± 5%
SiHA-M 1 6 0 2 ± 3%
SiHA-T 27 51 0 26 ± 26%

3. Discussion

The surface of inorganic bioceramics can be functionalized by adsorption or by covalent grafting
of organic biomolecules. In the latter case, most of functionalization protocols are based on specific
and successive reactions, implying at least an intermediate anchor between the ceramic surface
and the biomolecule. As a consequence, the surface distribution of the biomolecules is strongly
influenced by that of the initial anchor, e.g., organosilanes. So, one of the key points is the silane
distribution onto the substrate surface, which will depend on the nature of the silane and the substrate’s
chemical composition.

Silanization corresponds to a condensation of alkoxy functions. The hydrolysis of the alkoxy
groups leads either to homo-condensation, i.e., the formation of oligomers and then of a 3D network
between silane molecules, or to hetero-condensation, i.e., a silane condensation onto a surface presenting
hydroxyl function. The mechanisms of these two reactions are similar and mainly influenced by the
pH and nature of the solvent, the reaction time and temperature, the concentration of the organosilane
in solution, and the nature of the carbon chains (functionality, length and nature of the carried
functions) [18]. In most cases, continuous and structured films are expected [48] which has led some
authors to use tri-functional silanes such as APTES [49]. While the presence of silanes can be confirmed,
their surface distributions are not studied. In the cases studied here, the terminal functions of silanes
are amine functions, and the length of the alkyl chains and the reaction conditions are the same in
order to limit the number of influencing parameters.

Before functionalization, the surface of the HA and SiHA pellets is smooth with a roughness
inferior to 9 nm (Figure 2) and hydrophilic (see θw and γp

s in Table 1). Their surface free energies are
around 41–47 mJ/m2 depending on the pellets’ composition, which is in accordance with the values
found in the literature [14]. After silanization, the wettability decreases (see θw in Table 1). The total
surface free energies remain globally unchanged, the polar γp

s components decrease in favor of the
dispersive ones γd

s (Table 1). A slight decrease in the dispersive γd
s component is noticed when the

silane functionality decreases. This evolution is typical of a surface modified by hydrophobic functions
containing alkyl chains [48] and proves that a chemical modification of the surface occurred for all the
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silanized samples. However, these measurements only give an overall view: the drop has a volume of
4.4 µL, which corresponds approximately to a contact surface area around 5 mm2, depending on the
wettability and the liquid used. Thus, considering these results, all the substrate surfaces are modified
in the same way and the presence of a film is suggested.

At the local scale, i.e., AFM (for which the analyzed surface area is 2.5 × 10−3 mm2), the roughness
and z-amplitude increase with the functionality of the silane molecules. The RMS values ranging from
14 to 40 nm and the z-amplitudes ranging from 100 up to 300 nm, are too high to correspond to a silane
monolayer. Thus, they indicate a surface modification by silane’s polymerization onto the ceramics
surface even in the case of APMES molecules, which are not supposed to. However, with AFM alone,
it is not possible to make a conclusion on the influence of the substrate since the results obtained for
HA-M and SiHA-M and for HA-T and SiHA-T are similar.

With an analyzed surface area of 22.5 × 10−3 mm2, Raman mapping offers a chemical and thus,
the largest view. In the case of HA-T and SiHA-T, between 17% and 26% of the surface is covered and
the surface roughness increases more significantly (Figure 2). This is related to the formation of hillocks
with a continuous film due to its polymerization (homo-condensation and hetero-condensation).
Regarding the HA-M and SiHA-M samples, only a few spots are visible on Raman maps and they cover
less than 8% of the surface (Figure 4 and Table 2), and the surface roughness values are twice the values
measured on bare samples (Figure 2). The APMES can only dimerize as it has only one ethoxy group.
The presence of the small hillocks evidences a dimerization and/or an aggregation of the molecules,
which raises the question of the interactions between the silane molecules and the substrate surface as
well as the availability of amine functions. The silane should not only interact with the ceramics but
also with its ethoxy function, as proposed in the literature. The substitution of phosphate groups by
silicate groups should provide preferential sites for silane immobilization via Si-O-Si covalent bonding.
It is interesting to note that the silicate groups are not essential for functionalization but their presence
affects it. The spots are more intense on SiHA than on HA. In the case of APTES, the covering is more
heterogeneous with SiHA than HA, which highlights an influence of the silicate groups of the apatite
on the behavior of the silane. The presence of silicate groups changes the surface properties of the
ceramics and influences the polymerization of the silane and the silane/ceramic interactions.

4. Materials and Methods

4.1. Silanised Ceramic Substrates

HA (Ca10(PO4)6(OH)2) and SiHA (Ca10(PO4)5.6(SiO4)0.4(OH)1.6) powders were synthesized by
a conventional aqueous precipitation method from the addition of a di-ammonium phosphate
solution ((NH4)2HPO4, purity: 99%; Sigma–Aldrich, France) and, in the case of SiHA, a silicon
tetraacetate solution (Si(OCOCH3)4, purity: 98%; Sigma–Aldrich, France), into a calcium nitrate
solution (Ca(NO3)2,H2O, purity: 99%; Sigma–Aldrich, France) under controlled pH, temperature and
atmosphere [11,43]. For each composition, pellets (Ø = 10 mm) were elaborated by uniaxial pressing
(125 MPa) of 300 mg of calcined powder (650 ◦C/30 min for HA and 700 ◦C/120 min for SiHA) [50,51].
Pellets were sintered at 1200 ◦C for 30 min in a Super Kanthal furnace under air atmosphere. Sintered
dense pellets were polished with a sequence of SiC papers (up to P4000 grit). Then an ultrasonic
cleaning in technical ethanol was performed.

The organosilanes were purchased from Sigma Aldrich (France): APMES
(3-aminopropyldimethylethoxysilane, NH2(CH2)3Si(CH3)2OCH2CH3, purity: 97%) and APTES
(3-aminopropyltriethoxysilane, NH2(CH2)3Si(CH3)2(OCH2CH3)3, purity > 98%). The silanization of
pellets was made on dried substrates, using anhydrous toluene (purity: 99.8%; Sigma–Aldrich, France)
under inert conditions (Ar). Five pellets made of HA or SiHA were introduced in a 100 mL Schlenk
round bottom flask. When the temperature reached 60 ◦C, the organosilane was added drop by drop
with a syringe in order to have a final concentration in the media of 0.20 ± 0.06 mol/L. The media was
refluxed during 3 h and then held at 60 ◦C for 12 h. The silanized-substrates were rinsed twice with
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toluene and one time with technical ethanol, dried at 100 ◦C overnight in an oven, and finally under
vacuum for 3 h. Functionalized pellets are noted as HA-M and SiHA-M after silanization with APMES,
and HA-T and SiHA-T after silanization with APTES.

4.2. X-ray Diffraction

The purity of powders was controlled according to the standard specifications of ISO 13779
3:2008 [52]. The crystalline phases of sintered pellets were determined using a Siemens (Germany),
D5000 diffractometer (Cu Kα1, λ = 1.54056 Å, 2θ range [25–40◦], step size of 0.02◦, counting time 4 s).
The identification of crystalline phases was achieved with EVA software®by comparing the diffraction
patterns with the International Center for diffraction Data-Powder Diffraction Files (ICDD-PDF).

4.3. Atomic Force Microscopy

AFM images of samples surface were obtained in air using an Agilent 5500 LS AFM (newly
Keysight, Santa Rosa, CA, USA) in contact mode (AppNano ACT). The tip radii were smaller than
10 nm and the surface topography was obtained on an area of 50 × 50 µm2. The set-point applied
by the cantilever corresponded to a maximum of 1.2 V and the speed was 1.2 lines per second.
The resulting images were treated using the Gwyddion software (2.4 version, Free data analysis
software, http://gwyddion.net/). The surface topography was measured and the root-mean-square
roughness (RMS) was calculated for each surface as a function of N and M, which designate the
definition of the image, i.e., 512, and the number of lines, i.e., 512, respectively. The RMS is given by
the standard deviation of the z-values (amplitude) determined for each point of coordinates (x,y) in
the image (Equation (1)).

RMS(N, M) =

√
1

NM

N∑
x=1

M∑
y=1

(z(x, y) − z(N, M))

2

(1)

4.4. Raman Mapping

Raman mapping was performed using an inVia Reflex Renishaw Raman spectrophotometer
(Wotton-under-Edge, UK). The 2D mapping module was used in streamline mode with a 40 × 2 µm2

laser beam. The high number of spectra recorded (13,456 spectra for a 150 × 150 µm2 2D map with a
step size of 1.3 µm) enables high spatial resolution images to be generated. Spectra were recorded at
the wavelength of 532 nm with low power to avoid any damage to the samples (3.2 mW at the sample),
using a ×50 LWD (Long Working Distance) objective. The use of a 2400 grooves/mm grating permitted
a resolution of 1.2 cm−1. For silanized ceramic substrates, spectra were recorded between 2650 and
3508 cm−1 to focus on the region of aliphatic C-H stretching modes.

4.5. Contact Angle and Surface Free Energy Measurements

Contact angle was measured with a Dynamic Contact Angle Measuring Instrument GBX
DGD-MCAT (Digidron Goniometer GBX PixeLINK, Ireland). Drops (having a volume of 4.4 µL) were
deposited automatically on polished and silanized pellet surfaces (previously cleaned with an argon
stream) using the sessile drop method. The pictures of the drops were recorded by a camera coupled
to a light microscope and analyzed using Digidrop software in polynomial mode. Measurements were
made at room temperature after a time delay (20 s) to ensure the droplets equilibrium. Each contact
angle value was the average of twenty measurements made on two different regions of ten pellets.
In order to determine the surface free energy (γSL) of the samples, three solvents having different surface
tension were used: distilled water (H2O), ethylene glycol (HO(CH2)2OH, purity: 99.8%; Sigma–Aldrich,
France) and diiodomethane (CH2I2, purity: 99%; Sigma–Aldrich, France). The calculus of the surface
free energy (γSL) and the determination of its dispersive and polar components were achieved with
Young’s and Owen-Wendt’s equations (Equations (2) and (3)). In these equations, γSL, γSV and γLV are

http://gwyddion.net/
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the surface free energy of the solid-liquid, the solid-vapor and the liquid-vapor equilibria, respectively.
The “d” and “p” exponents denote whether the variable stands for the dispersive (γd) or the polar (γp)
component of surface free energy.

γSL = γSV − γLV cos(θ) (2)

γLV(1 + cos(θ)) = 2
√
γd

SVγ
d
LV + 2

√
γ

p
SVγ

p
LV (3)

Equation (2) is valid assuming that the drop, the surface and the atmosphere are in equilibrium.
Equation (3), which is based on the fact that the total surface tension (γ) is a sum of the dispersive (γd)
and the polar (γp) components, was used to calculate the surface tension for liquid-vapor equilibrium
(γLV). The surface free energy of solid-liquid equilibrium (γSL) and the surface free energy of solid-vapor
equilibrium (γSV) are deduced from the contact angle values measured with the testing liquids for
which the characteristics (γLV, γd

L, γp
L) are summarized in Table 3.

Table 3. Total surface tension of each liquid used (γLV) and its dispersive (γd
L) and polar (γp

L)
components (mJ/m2).

Liquid Total Surface Tension (mJ/m2) γLV γd
L γp

L

Water 72.0 21.3 50.7
Diiodomethane 50.3 49.9 0.4
Ethylene glycol 48.4 29.3 19.1

5. Conclusions

The influence of the silane functionality (i.e., the number of hydrolysable groups) and chemical
composition of the substrates (HA versus SiHA) on bioceramic surface coverage was assessed by three
methods: contact angle measurements, AFM and Raman mapping. The contact angle measurements
and the free surface free energies give an overview of the samples’ silanization whereas AFM provides
local information on topography. As for Raman maps, they were useful to provide information on both
the relative quantity and the surface distribution of the silanes at the ceramics’ surface. The presence
of hillocks was showed, evidencing a polymerization and/or an aggregation of the molecules whatever
the silane and the substrates are. The substitution of phosphate groups by silicate groups affects
the covering, and the spots are more intense on SiHA than on HA. Taking into account the step
of biomolecule immobilization on the anchor following the silanization, the optimal functionalized
material is not necessarily the one presenting the largest amount of anchor molecules, but rather
the one having the freest terminal functions for the following step of functionalization. Because
of its polymerization, the APTES molecule enables the formation of a continuous film with a more
homogeneous covering in the case of HA whereas the APMES molecule leads to a partial coverage.
The latter configuration should allow for grafting biomolecules with a low surface density in order
to control their released amounts and their activity while providing access to the bioactive substrate
surface for both biological fluids and bone cells. However, it is necessary to ensure that the free
amine functions required for the following functionalization steps are not engaged in the silanization
reaction. Raman mapping appears to be a powerful tool for the characterization of inorganic material
surfaces functionalized by organic molecules. It will be implemented in the further development
of osteoinductive biomaterials in order to characterize the various steps of biomaterials’ surface
functionalization, i.e., silanization (cross-linker), immobilization of spacers and then of proteins, as a
tool to optimize the synthesis process of such modified surfaces.
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