
Silicon addition to hydroxyapatite increases nanoscale
electrostatic, van der Waals, and adhesive interactions

Jennifer Vandiver,1 Delphine Dean,2 Nelesh Patel,3 Claudia Botelho,4,5 Serena Best,3 José D. Santos,4,5
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Abstract: The normal intersurface forces between nano-
sized probe tips functionalized with COO�-terminated al-
kanethiol self-assembling monolayers and dense, polycrys-
talline silicon-substituted synthetic hydroxyapatite (SiHA)
and phase pure hydroxyapatite (HA) were measured via a
nanomechanical technique called chemically specific high-
resolution force spectroscopy. A significantly larger van der
Waals interaction was observed for the SiHA compared to
HA; Hamaker constants (A) were found to be ASiHA � 35 �
27 zJ and AHA � 13 � 12 zJ. Using the Derjaguin–Landau–
Verwey–Overbeek approximation, which assumes linear ad-
ditivity of the electrostatic double layer and van der Waals
components, and the nonlinear Poisson–Boltzmann surface
charge model for electrostatic double-layer forces, the sur-
face charge per unit area, � (C/m2), was calculated as a

function of position for specific nanosized areas within in-
dividual grains. SiHA was observed to be more negatively
charged than HA with �SiHA � �0.024 � 0.013 C/m2, two
times greater than �HA � �0.011 � 0.006 C/m2. Addition-
ally, SiHA was found to have increased surface adhesion
(0.7 � 0.3 nN) compared to HA (0.5 � 0.3 nN). The charac-
terization of the nanoscale variations in surface forces of
SiHA and HA will enable an improved understanding of the
initial stages of bone–biomaterial bonding. © 2006 Wiley
Periodicals, Inc. J Biomed Mater Res 78A: 352–363, 2006
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INTRODUCTION

The development of enhanced synthetic materials
for use in orthopedic implants to replace lost or dam-
aged human bone is a continual goal of biomaterials
research. Studies have indicated the importance of
soluble silicon to bone mineralization and regenera-
tion,1 and recently, silicon has been incorporated into
one of the most promising synthetic bone implant
materials, synthetic hydroxyapatite (HA, Ca5(PO4)3-
OH).2,3 HA is bioactive, which means that an interfacial

bond between the implant and the surrounding bone
forms.4,5 Silicon-substituted HA (SiHA) has shown
markedly enhanced in vitro apatite formation in sim-
ulated body fluid (SBF),6–8 increased in vitro cell pro-
liferation and creation of focal points of adhesion,9 as
well as in vivo bone ingrowth10 and remodeling.11 In
this research, we employ dense, polycrystalline 0.8 wt
% SiHA as a model system and focus on the measure-
ment and understanding of nanoscale surface interac-
tions. In particular, quantification of their magnitude,
functional form, spatial distribution, and deconvolu-
tion into various constituents (i.e., electrostatic double
layer and van der Waals). All of these characteristics
are expected to play a critical role in the physiochemi-
cal processes that take place upon implantation of this
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bioactive biomaterial into a bony site such as adsorp-
tion of ions and biomolecules, formation of calcium
phosphate (apatite) layers, and cellular interactions.12

The formation of apatite layers when HA-based
biomaterials are implanted into a bony site13–16 is con-
sidered essential for the creation of a strong bond with
the surrounding tissue.17 Literature suggests that neg-
ative surface functional groups provide preferential
sites for nucleation of an amorphous calcium phos-
phate layer, through the higher adsorption of positive
calcium ions, resulting in a positive layer that will
attract the phosphate groups, leading to the formation
of the apatite layer.6,18–22 Negatively charged self-as-
sembled monolayers have been found to produce the
highest growth rate of precipitated apatite from
SBF,19,20 and electrically polarized, negatively charged
ceramic surfaces have been shown to exhibit increased
apatite layer formation,21,22 cell adhesion,23 and osteo-
bonding,24 versus nonpoled HA samples.

Our previous work on (unsubstituted) dense, poly-
crystalline HA employed microfabricated cantilever
force transducers with nanosized probe tips (end ra-
dii, RTIP � 100 nm) chemically functionalized with
negatively charged carboxy-terminated self-assem-
bling monolayers (COO�-SAMs) to measure the net
repulsive surface interaction in aqueous solution
within individual HA grains as a function of
nanoscale position.12 At pH 5.6 and an ionic strength
(IS) of 0.01M, the local nanoscale surface charge per
unit area, �HA (�0.0037 to �0.072 C/m2), and corre-
sponding zeta potential, �HA (�18 to �172 mV), were
estimated from fits of these nanomechanical data to a
Poisson–Boltzmann-based electrostatic double-layer
surface charge model.25,26 This analysis showed that
HA was negatively charged, thought to be due to
preferential concentration of PO4

3� groups to the top
few nanometers of the surface,5,6,27 and that � and �
were spatially dependent, possibly associated with the
exposed crystal plane or facet.12 The magnitude of
these values were consistent with microelectro-
phoretic measurements on similar samples (�HA �
�50 � 5 mV at pH 7.4, IS � 0.0001M).6

Here, we apply the nanomechanical technique of
chemically and spatially specific high-resolution force
spectroscopy12,28 to dense, polycrystalline 0.8 wt %
SiHA at pH 7.4 and IS � 0.01M. Silicon incorporation
into an HA lattice (SiHA) has been shown to result in
a more negative �SiHA � �71 � 5 mV (pH 7.4, IS �
0.0001M, measured by microelectrophoresis) com-
pared with HA, possibly due to substitution of PO4

3�

by SiO4
4�.6 In this study, in addition to an electrostatic

double-layer component, a marked shorter range at-
tractive component, presumed to be van der Waals
interactions, was observed for SiHA that was minimal
for the unsubstituted HA. Hamaker constants (A) for
the 0.01M data were estimated from the distance of
cantilever jump-to-contacts and also fits to the inverse

square power law29 of data taken at high IS (1M),
where the majority of electrostatic double-layer forces
were screened out. Using these estimated values of A,
the Derjaguin–Landau–Verwey–Overbeek (DLVO)
approximation, which assumes linear additivity of the
electrostatic double layer and van der Waals compo-
nents,30 and the Poisson–Boltzmann surface charge
model for electrostatic double-layer forces,25,26 �SiHA
and �SiHA, were calculated as a function of position for
specific nanosized areas within individual grains.
These values were compared with that of control ex-
periments on dense, polycrystalline, phase pure HA
conducted with the same probe tip to avoid variations
due to probe tip geometry.

Such investigations of nanoscale surface properties
have great potential to contribute important informa-
tion relevant to the molecular origins of HA biocom-
patibility. Furthermore, examining how the incorpo-
ration of silicon affects such nanoscale properties as
electrostatic repulsion, van der Waals interactions,
and morphology of precipitated layers will be critical
to the optimization, development, and design of new
HA-based biomaterials.

MATERIALS AND METHODS

Sample preparation and characterization

HA and SiHA were synthesized using an aqueous precip-
itation chemical route between calcium hydroxide and or-
thophosphoric acid.31 For the case of SiHA, silicon tetraac-
etate was added to the reaction as a source of silicate ions, as
described previously.2 Phase purity of the precipitated ma-
terial used in this study was verified through X-ray diffrac-
tion using a Philips PW1710 X-ray diffractometer (PANalyti-
cal, Almelo, The Netherlands). Data were collected between
25° and 40° (2�) using a step size of 0.02° and a count time of
2.5 s. Phase identification was accomplished by comparing
the peak positions of the diffraction patterns with ICDD
(JCPDS) standards (Cambridge, England, UK). X-ray fluo-
rescence confirmed the incorporation of 0.8 wt % Si in the
HA lattice and stoichiometry (Ca/P or Ca/(Si � P) ratio
	1.67) using a Philips PW1606 spectrometer. FTIR spectra
on sintered powders were obtained using a System 2000
FT-IR/NIR FT-Raman (Cambridge, England, UK) with a
resolution of 4 cm�1 and by averaging 100 scans.

Dense (
98% of the theoretical density, 3.13 g/cm3), poly-
crystalline HA and SiHA pellets (	1 cm in diameter) were
prepared by compacting the as-prepared powders and iso-
statically pressing them at a pressure of 150 MPa prior to
sintering in air at 1200°C for 2 h, using a ramp rate of
2.5°C/min. The sintered pellets were visualized using an
environmental scanning electron microscope (ESEM; Phil-
lips ESEM-FEG, XL30, Cambridge, England, UK) in low
vacuum mode, using an off-axis gaseous secondary electron
detector and a 10 kV operating voltage. Image analysis was
performed using the Leica QWIN image analysis software
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package (Cambridge, England, UK). The grain size of the
sintered samples was determined by drawing around the
boundaries of individual grains manually. The equivalent
circular diameter of the grains (Ggr) was determined from
the measured area of each grain according to the following
equation:

Ggr � � �Area
� � � 2 (1)

Wettability of the HA and SiHA pellets was assessed via
contact angle measurements with deionized water (Video
Contact Angle System 2000; AST, Cambridge, MA) as a
function of time allowed to sit on the surface. The temporal
evolution of three separate water drops (at different posi-
tions) on a HA and SiHA sample were measured, giving n �
6 angles (right and left angles of each drop) measured at
each time point.

High-resolution force spectroscopy

High-resolution force spectroscopy experiments were per-
formed using both one- and three-dimensional molecular
force probes (Asylum Research, Santa Barbara, CA). The
three-dimensional version has the additional capability to
image and perform nanomechanical measurements with
nanometer-scale spatial sensitivity. An Au-coated (Thermo-
microscopes, Sunnyvale, CA), V-shaped, Si3N4 cantilever
probe tip (cantilever spring constant k 	 0.05 N/m, as mea-
sured by a thermal vibration method32) was chemically
functionalized with the carboxyl-terminated self-assembling
monolayer (COOH-SAM) 11-mercaptoundecanoic acid (HS-
(CH2)10-COOH, Aldrich, St. Louis, MO; used as received) as
described previously.12 The same cantilever probe tip was
used to image and nanomechanically probe several distinct
positions within a variety of grains on both HA and SiHA
samples in 0.01M IS trihydroxymethyl aminomethane
((CH2OH)3CNH2, Tris buffer solution, pH � 7.4). The probe
tip end radius, RTIP, was measured by scanning electron
microscopy to be 	70 nm. Experiments were also carried
out in 1M, pH 7.4 Tris buffer solution with a different probe
tip of RTIP 	90 nm. Surface forces, F, were measured as a
function of tip–sample separation distance (henceforth re-
ferred to as distance D) on approach (i.e., probe tip advanc-
ing towards the sample surface at a constant rate) and retract
(i.e., probe tip moving away from the sample surface at a
constant rate) at a z-piezo displacement rate of 2 m/s. Five
to ten nanomechanical experiments were carried out at each
sample site location. For the approach data, F–D curves for
each position were averaged, and standard deviations were
reported. For the retract data, the maximum attractive ad-
hesive force and the corresponding distance of adhesion of
each individual retract curve were recorded and averaged
for each position. Images presented are contact mode nor-
mal cantilever deflection (scan rate of 1 Hz), which is reflec-
tive of surface topography; light areas correspond to regions
of high topography, and darker areas to regions of lower
topography. Surface topographical analysis was performed
on the corresponding height images within a 	200 � 200
nm2 square area around each position tested nanomechani-

cally. Tests for statistical significance were carried out on
data, using unpaired Student t tests.

Theoretical predictions

Following DLVO theory,30 the total net interaction force
measured on approach was assumed to be a linear summa-
tion of an attractive van der Waals component, and a repul-
sive electrostatic double-layer component as follows:

Ftotal (D) � Felectrostatic (D) � Fvdw (D) (2)

The nonretarded van der Waals force approximately follows
an inverse square power law:29

FVDW �
ARTIP

6D2 (3)

where Fvdw is the van der Waals force between a sphere of
radius R (assumed to be equal to the probe tip radius, RTIP)
and a planar surface separated by a distance D, and A is the
Hamaker constant. The Hamaker constant estimated here is
a reflection of the 7-layered system Si3N4/Cr/Au/S/-
(CH2)10-COO�/aqueous electrolyte(IS � 0.01M, pH �
7.4)/HA or SiHA. Previous experiments have suggested that
the underlying metal layers (A 	 100 zJ) are more dominant
than the SAM layers, since the SAM layer has a much
smaller polarizability.33 One could try to estimate the con-
tributions of each of the layers via comparison with the
predictions of a Lifshitz multilayered model; however, the
lack of knowledge of the exact metal layer thicknesses
would render these results imprecise.34 For the purposes of
this study, the same exact tip material, metal coatings, SAM,
and solution were used to probe both the HA and SiHA
samples, and hence, the relative differences observed in A
can be attributed solely to the surface characteristics of these
samples. Since the criterion for the mechanical instability of
the cantilever (jump-to-contact) is the point at which the
derivative of the force profile or force gradient exceeds the
cantilever spring constant (dF/dD 
 k)28 an average Ha-
maker constant was also estimated for the 0.01M data at
each position from the cantilever jump-to-contact separation
distances (Djump-to-contact) as follows:

D jump-to-contact � �ARTIP

3k �1/3

(4)

where k is the cantilever spring constant. The resulting val-
ues of A calculated from the jump-to-contact method and
Eq. (4) were consistent with fits of high IS (1M) nanome-
chanical data (where electrostatic double-layer forces are
largely screened out) to Eq. (3).

Felectrostatic was approximated for each position by a Pois-
son–Boltzmann-based formulation that describes the elec-
trostatic double-layer interaction between a planar surface
and hemispherical probe tip both with a constant surface
charge per unit area in an electrolyte solution.25 A numerical
method, known as the Newton method on finite differ-
ences,35 was used to solve the nonlinear Poisson–Boltzmann
equation. The surface charge per unit area of the probe tip,
�COO�, was fixed in the simulations and estimated to be
approximately �0.018 C/m2 as determined by control ex-
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periments using a COO�-SAM probe tip versus a COO�-
SAM planar substrate and by fitting the data to the same
electrostatic double-layer theory described above. RTIP, A,
and the solution IS were also fixed parameters, and �SiHA or
�HA was the only free fitting variable. Five individual F–D
curves per position were fit for D 
 3 nm to exclude any
possible short range non-DLVO components of the interac-
tion. � was averaged at each position and reported with
standard deviations. Once the full nonlinear Poisson–Boltz-
mann equation was fit to the experimental data, the surface
potential was calculated by setting D � 0 and solving the
Poisson–Boltzmann equation. The surface potential calcu-
lated in this way is equivalent to zeta potential.36

RESULTS

Standard characterization: FTIR, ESEM, and contact
angle measurements

FTIR was used to identify the molecular groups
present on the SiHA and to assess the alteration in the
hydroxyl and phosphate bands (Fig. 1). Peaks were
observed for both samples at 568, 600, 960, 1043, and
1008 cm�1 corresponding to PO4

3� groups, and at 630
cm�1 corresponding to the OH� group. For SiHA,
additional peaks were observed at 498 and 884 cm�1

corresponding to the SiO4
4� group. We see that silicon

content leads to a decrease in the intensity of the band
at 630 cm�1 that corresponds to the OH� group.6 This
observation is consistent with the substitution mech-
anism proposed, where some phosphate groups (�3)
are replaced by silicate groups (�4), leading to the loss
of some OH groups so as to maintain the charge
balance.2 The introduction of silicon in the structure of
HA also influences the bonds and symmetry modes of
the phosphate groups, as can be seen by the intensity
ratio between the phosphate bands at 960 (�1) cm�1

corresponding to the symmetric stretch, and 1043 (�3)
cm�1 that corresponds to the asymmetric stretch. The

ratio changes from 0.440 for HA to 0.444 for SiHA.
This result is in agreement with previously reported
data.2

ESEM images (data not shown) show that HA has
significantly larger (p � 0.001) grains (5.2 � 2.1 m,
n � 100) than SiHA (2.6 � 1.3 m, n � 100). This
observation confirms that silicon interferes with grain
growth, which is likely to occur if the silicon was
preferentially located at the grain boundaries, and
therefore diminishes grain boundary movement dur-
ing grain growth.3

SiHA was found to have an instantaneous contact
angle (65° � 2°, n � 6) significantly lower than HA
(75° � 2°, n � 6)* (p � 0.001). As the water droplet
remained on the surface, the contact angle for both
samples decreased at a rate of 0.11°/s for SiHA and
0.13°/s for HA as shown in Figure 2. This decrease is
possibly due to the absorption of water into the crystal
lattice, forming a hydrated surface layer, as has been
observed previously.37

Estimations of Hamaker constants from approach
HRFS data

A contact mode deflection image of the SiHA and
HA surfaces in aqueous electrolyte solution (pH � 7.4,
IS � 0.01M) along with numerical labels for the spe-
cific locations where each series of nanomechanical
experiments was carried out is shown in Figure
3(A,B), respectively. The probe locations are grouped
by crystalline facet, where a facet was defined as a

*This contact angle for HA is larger than measured pre-
viously12 because the value reported here was an instanta-
neous value whereas the previously reported value was
taken 	60 s after placing the water droplet on the surface.

Figure 1. FTIR spectra of dense, polycrystalline HA and
SiHA.

Figure 2. Contact angle measurements of a SiHA and HA
(n � 6 for each time point corresponding to droplets at three
different sample positions including a right and left angle
for each droplet). The water droplets were allowed to sit on
the surface and contact angle measurements were made
over time.
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distinct topographical face whose area had a relatively
constant slope. Figure 3(C) shows typical height pro-
files of the SiHA and HA surfaces with the baseline
slope of underlying grain subtracted. For both the
SiHA and HA sample, the average linear root-mean-
squared (RMS) roughness of height profiles (after sub-
traction of the baseline slope of the grain) through all
positions probed was �1 nm. Therefore, within exper-
imental resolution, the surfaces of both samples had
similar roughness, and the length scale of surface fea-
tures was much smaller than the length scale of the
probe tip. For comparison, the radius of the maximum
probe tip–surface interaction area at the maximum
interaction distance (i.e., D � 15 nm) was 	200 nm.38

Figure 4(A,B) shows typical individual force and
force/radius versus distance curves in aqueous elec-
trolyte solution (pH � 7.4, IS � 0.01M) using a COO�-
SAM probe tip (RTIP	70 nm) for SiHA and HA, re-
spectively. Both curves exhibit a nonlinearly
increasing net repulsive force (as indicated by the
positive value) with decreasing separation distance for

D � 15 nm and jump-to-contacts. For SiHA position 1
of Figure 3(A), Djump-to-contact � 2.46 nm, and for HA
position 1 of Figure 3(B), Djump-to-contact � 1.04 nm. The
average Djump-to-contact for SiHA (n � 76 experiments
from all 13 positions) was found to be equal to 2.64 �
0.82 nm, corresponding to an average Hamaker con-
stant (calculated using equation 4), ASiHA, of 35 � 27 zJ
with a range of 3–103 zJ. This value can be compared
with that of unsubstituted HA where the average
Djump-to-contact for HA (n � 46 experiments from all 13
positions) for HA was 1.94 � 0.70 nm, yielding an
average AHA of 13 � 12 zJ with a range from 2 to 32 zJ,
which is statistically smaller than that of SiHA (p �
0.01). Additional nanomechanical experiments were
performed in pH 7.4, 1M Tris buffer aqueous solution,
using a COO�-SAM probe tip (RTIP	90 nm) (Fig. 5).
Since the majority of Felectrostatic is screened out at this
high salt concentration, the net force at D 
 5 nm was
assumed to be primarily van der Waals. The averaged
approach force versus distance curves (20 experiments
each at n � 4 positions) were fit to Eq. (3) and yielded

Figure 3. Contact mode AFM deflection images taken with COO�-SAM functionalized probe tip in aqueous solution (RTIP
	 70 nm, k 	 0.042 N/m, IS � 0.01M, pH � 7.4) showing specific positions probed and labeling of facets on (A) SiHA and
(B) HA surfaces. (C) Typical height profiles along black dashed lines in images (A) and (B) (corresponding to position 2) with
baseline slope of facet subtracted out.
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an average ASiHA � 70 � 14 zJ with a range from 60 to
90 zJ, which is somewhat higher than the ASiHA cal-
culated from the Djump-to-contacts at 0.01M, which over- laps with its range. An average ASiHA was calculated

for the 1M data from the jump-to-contact distances
and found to be 62 � 49 zJ (n � 22 experiments from
all 4 positions), which is statistically similar (p �
0.01) to the value found through fitting the averaged
curves to Eq. (3), and hence, demonstrates self-con-
sistency of the two methods used to estimate A. It
was not possible to calculate AHA from the 1M data,
as only non-DLVO repulsive forces were observed
for D � 5nm. Hence, all subsequent comparisons to
electrostatic double-layer theory (at 0.01M IS) were
carried out for D 
 5 nm, was �1% of the force were
non-DLVO. Figure 6(A) is a plot of the average
Hamaker constants versus position, and the corre-
sponding frequency histogram for the pooled data-
set is shown in Figure 6(B). Unpaired Student t tests
comparing the average Hamaker constant for differ-
ent facets show that HA possesses significant differ-
ences in 7 out of 10 comparisons (p � 0.01), and for
SiHA, 6 out of 10 comparisons are statistically dif-
ferent (p � 0.01).

Figure 4. Typical individual force and force/radius versus
distance curves on approach taken in aqueous solution (pH �
7.4, IS � 0.01M, RTIP 	 70 nm, k 	 0.042 N/m) on approach for
a COO�. SAM probe tip versus (A) SiHA [position 1 labeled in
Fig. 3(A)] demonstrating jump-to-contact (Djump-to-contact �
2.46 nm) and (B) HA [position 1 labeled in Fig. 3(B)] demon-
strating jump-to-contact (Djump-to-contact � 1.04 nm).

Figure 5. Force and force/radius versus distance curves on
approach taken in aqueous solution (pH � 7.4, IS � 1M, RTIP
	 90 nm, k 	 0.053 N/m) for a COO�-terminated SAM
functionalized probe tip versus HA and SiHA surfaces. Av-
eraged data (number of individual curves per each average
curve, n � 20) at three different positions. High and low bars
represent one standard deviation.

Figure 6. (A) Averaged Hamaker constant for each posi-
tion [corresponding to those labeled in Fig. 3(A,B)] of SiHA
and HA samples calculated from jump-to-contact distances
of individual approach force versus distance (number of
individual curves per sample position, n 	 5–10). (B) Fre-
quency histogram of averaged Hamaker constant for each
position for HA and SiHA.
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Averaged HRFS data on approach

Figure 7(A,B) show a typical averaged force and
force/radius versus distance curve for the COO�-SAM
probe tip versus the SiHA [position 1 of Fig. 3(A)] and
HA [position 1 of Fig. 3(B)] samples, respectively, in
aqueous electrolyte solution (pH 7.4, 0.01M), where
each dataset is plotted with �1 standard deviation.
The jump-to-contact regions are smoothed out com-
pared with the individual curves (e.g. Fig. 4) by the
averaging process. The standard deviation remains
relatively constant and low in the longer range repul-
sive region (D 
 5 nm), and is observed to increase
with decreasing separation distance at shorter dis-
tance ranges (D � 5 nm) because of variability in the
adhesive jump-to-contacts. Figure 8 shows the aver-
aged force versus distance curves for the COO�-SAM
probe tip versus the SiHA and HA samples at selected
(for data clarity) sample locations labeled in Figure 3.
Although all the data presented here are from a single
probe tip–sample combination, experiments using dif-
ferent probe tips and samples showed the trends de-
scribed here to be highly consistent.

Estimation of surface charge densities from fits to
DLVO theory25,26

Typical individual force and force/radius versus
distance curves with typical theoretical fits showing
the van der Waals and electrostatic components sep-
arately are given in Figure 9. At D � 5 nm, the elec-
trostatic component accounted for 	98% of the net
force for the HA sample, and 	86% of the force for the
SiHA sample. The average �SiHA for all positions cal-
culated from the theoretical fits to the force versus
distance curves was found to be �0.024 � 0.013 C/m2

(n � 64 experiments from all 13 positions), while for
�HA, it was found to be �0.011 � 0.006 C/m2 (n � 65
experiments from all 13 positions), where the latter
value was consistent with experiments on similar sam-
ples reported previously.12* Using the nonlinear Pois-
son–Boltzmann equation, surface potentials, equiva-
lent to zeta potentials, were calculated. For SiHA, a
potential of �87 � 55 mV was obtained, while for HA,
a potential of �49 � 28 mV was obtained. Unlike
standard zeta potential measurements, however, the
average �SiHA and �HA can be calculated for each
nanosized surface position and compared with surface
features such as crystalline facet [Fig. 10(A)]. The ef-
fect of topographical slope on the surface charge den-
sity was investigated through geometrical calculations
in previous work and shown to be inconsequential in
the ranges measured.12 Unpaired Student t tests com-
paring the average surface charge density magnitudes
on different facets show that HA possesses significant
differences in 7 out of 10 comparisons (p � 0.01) and

*In our previous work,12 the van der Waals component
was not included in theoretical fits for unsubstituted HA,
but because of its small magnitude, inclusion of it resulted in
a minimal different in the estimated surface charge density
(�5%).

Figure 7. Average force/radius versus distance curves on
approach with standard deviations for one sample position
(number of individual curves per average curve, n � 10) for
a COO�-SAM functionalized probe tip versus (A) SiHA [po-
sition 1 labeled in Fig. 3(A)], (B) HA [position 1 labeled in
Fig. 3(B)] surfaces in aqueous solution (pH � 7.4, IS �
0.01M, RTIP 	 70 nm, k 	 0.042 N/m).

Figure 8. Averaged force and force/radius versus distance
curves on approach (number of individual curves per each
average curve, n � 10) for a COO�-SAM functionalized
probe tip versus HA and SiHA surfaces in aqueous solution
(pH � 7.4, IS � 0.01M, RTIP nm, k 	 0.042 N/m) each for a
different sample location shown in Figure 3(A,B).
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for SiHA 4 out of 10 comparisons are statistically
different (p � 0.01). A histogram corresponding to the
pooled data in Figure 10(A) is given in Figure 10(B)
and shows that the SiHA has a bimodal distribution
with the first peak approximately equivalent to that
for HA.

Nanoscale adhesion on retract

The retract force versus distance curves for the
COO�-terminated SAM probe tip versus HA and
SiHA were also analyzed. One hundred percent of the
SiHA retract curves showed adhesion while 91% of
the HA retract curves showed adhesion. The average
adhesion distance for SiHA was 3.6 � 4.8 nm (number
of F–D curves for all 13 positions, n � 130), and for
HA, it was 4.3 � 5.5 nm (number of F–D curves for all
13 positions, n � 126), which are statistically the same

(p � 0.01). The average adhesion force for SiHA was
0.7 � 0.3 nN (number of F–D curves, n � 126 for all 13
positions), which is statistically larger than that for
HA, which was 0.5 � 0.3 nN (number of F–D curves,
n � 123 from for 13 positions) (p � 0.01). The adhesion
forces for HA showed more positional dependence
[Fig. 11(A)] (8 out of 10 facet average comparisons
were statistically different, p � 0.01) than SiHA, where
only 1 out of 10 facet average comparisons were sta-
tistically different. Figure 11(B) shows the correspond-
ing frequency histogram for the pooled dataset in
Figure 11(A). For HA, there appears to be a positive
correlation (p � 0.01) between average Hamaker con-
stant and adhesion force for each position [Fig. 12(A);
R2 � 0.75, number of data points, n � 13 positions]
and a negative correlation between average surface
charge density and adhesion force for each position
[Fig. 12(B); R2 � 0.74, number of data points, n � 13
positions], while minimal correlation is observed for
SiHA.

Figure 9. Typical individual force and force/radius versus
distance curves on approach with theoretical fits showing
the predicted net force, as well as the individual van der
Waals and electrostatic components for a COO�-SAM func-
tionalized probe tip (�coo� � �0.0125 C/m2) versus (A)
SiHA (�SiHA � �0.018 C/m2) and (B) HA (�HA � �0.009
C/m2) surfaces in aqueous solution (pH � 7.4, IS � 0.01M,
RTIP 	 70 nm, k 	 0.042 N/m, Hamaker constants were fixed
to the values calculated from the jump-to-contacts from
these particular individual curves: ASiHA � 42 zJ, AHA � 2.8
zJ).

Figure 10. (A) Averaged surface charge density for each
position [corresponding to those labeled in Fig. 3(A,B)] of
SiHA and HA samples calculated by fitting individual ap-
proach force versus distance curves for each position to the
Poisson–Boltzmann-based electrostatic double-layer surface
charge model, using the following fixed parameters:
�COO� � �0.0125 C/m2, IS � 0.01M, RTIP 	 70 nm, and
ASiHA or AHA calculated from the jump-to-contact distances
at each location (number of individual curves fit per sample
position, n � 5). (B) Frequency histogram of average surface
charge density for each position of HA and SiHA.

SIHA ELECTROSTATICS AND VAN DER WAALS INTERACTIONS 359

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a



DISCUSSION

One major result of this work was the observation of
an increased attractive component of the net force on
approach for SiHA compared with HA. This was
shown by increased jump-to-contact distances at
0.01M (Fig. 4) and the marked difference between
samples observed at 1M (Fig. 5), where the HA has a
net repulsive intersurface interaction and the Si-HA
has a net attractive intersurface interaction. This at-
traction was attributed to van der Waals forces, and
the average Hamaker constant of SiHA (35 zJ) was
found to be 	2.5 times greater that of HA (13 zJ). The
magnitudes of the van der Waals values here are
intermediate compared with that of typical ceramics
in aqueous solution, which range from 1.6 to 94 zJ39

and 	2 times less than that for gold surfaces (A 	 100
zJ).40 Initial contact angle measurements are consistent
with SiHA having a higher surface energy than HA,
which is related to the Hamaker constant. A contribu-
tion to this could come from the fact that Si is more
easily polarized than P because of lower atomic num-
ber with the same number of electron shells.41 Another
possible contribution is the effect that the introduction

of silicon into the HA structure has on the symmetry
modes of the phosphate groups. The intensity ratio
between the phosphate bands symmetric stretch (1043
(�3) cm�1) and asymmetric stretch at 960 (�1) cm�1

changes from 0.440 for HA to 0.444 for SiHA. This
indicates the phosphate groups in SiHA have less
symmetry, which could increase their polarizability.
Both HA and SiHA show spatial variation in the Ha-
maker constant, which could be due to crystal struc-
ture and varied number of substituted SiO4

4� groups.
Variation in Hamaker constant could play a role in the
bone–biomaterial bonding.

Consistent with previous results,6 SiHA was ob-
served to be more negatively charged than HA with
�SiHA (�0.024 C/m2) two times greater than unsubsti-
tuted HA (�0.011 C/m2). In terms of surface or zeta
potential, �SiHA � �87 � 55 mV is 1.8 times greater
than �HA � �49 � 28 mV. This may be attributed to

Figure 11. (A) Averaged adhesion force for each position
[corresponding to those labeled in Fig. 3(A,B)] of HA and
SiHA samples (IS � 0.0lM, pH � 7.4, k 	 0.042 N/m, RTIP 	
70 nm, (number of individual curves per sample position,
n � 10). (B) Frequency histogram of average adhesion force
for each position of HA and SiHA.

Figure 12. (A) Average adhesion force versus average Ha-
maker constant for each position shown in Figure 3(A,B)
(number of experiments per position used for Hamaker
constant calculation, n 	 10, n 	 10 for adhesion calculation)
for SiHA and HA (pH � 7.4, IS � 0.0lM, RTIP 	 70 nm, k 	
0.042 N/m) showing a correlation factor for HA data of R2 �
0.75 and for SiHA data R2 � 0.13. (B) Average adhesion force
versus surface charge for each position (number of experi-
ments per position used for surface charge calculation, n �
5, n 	 10 for adhesion calculation) shown in Figure 3(A,B)
for SiHA and HA (pH � 7.4, IS � 0.0lM, RTIP 	 70 nm, k 	
0.042 N/m) showing a correlation factor for HA data of R2 �
0.74 and for SiHA data R2 � 0.27.
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the substitution of some PO4
3� groups by SiO4

4�

groups.6,8 Although FTIR results in air indicate that
the substitution mechanism leads to the loss of OH�

groups so as to maintain charge balance, charge bal-
ance is not maintained in fluid. The zeta potential
predicted by nanomechanical measurements were,
surprisingly, extremely similar to the measured micro-
electrophoretic values on similar samples �SIHA �
�71 � 5 mV (pH 7.4, IS � 0.0001M) and �HA � �50 �
5 mV (pH 7.4, IS � 0.0001M),6 given the difference in
ionic strength, sample type, dependence on particle
size and shape,42,43 and fundamental differences be-
tween the two methods. Typically, � measured by
microelectrophoretic and other techniques is expected
to be lower than fitted potentials for nanomechanical
data of ideal (smooth) surfaces44 because of the poten-
tial drop in the immobilized liquid layer close to the
surface, since the slip plane where zeta potential is
measured is further from the surface than the Stern
surface where Poisson–Boltzmann theory begins.45

The surface charge densities calculated in this study
via nanomechanics experiment are effective charges at
the Stern surface, since electrostatic double-layer the-
ory is valid only within the diffused double layer.36

This should resemble what a biomacromolecule or cell
feels inside the diffused double layer approaching a
biomaterial surface. During cell adhesion, the distance
between the cell membrane and biomaterial surface
needs to decrease from micrometers to 10–20 nm be-
fore adhesion receptors can mediate direct connec-
tions.46 Since the hyaluronan pericellular coat around
certain cells (i.e. epithelial and chondrocytes) has a
polyelectrolyte character,46 the surface charge proper-
ties of the biomaterial are expected to be a critical
factor in mediating cell adhesion.

The Hamaker constant and surface charge of SiHA
had slightly less of a surface positional dependence
than HA in that there were fewer statistical differences
between facet averages (Figs. 6 and 10). The results for
HA are consistent with previous research showing the
surface charge to vary with nanoscale position on the
surface.12 Variation is associated with exposed crystal
plane, each of which has a different arrangement of
the charged ions making up the HA lattice, since
different facets in the same grain have different sur-
face charges.12 In this experiment, it was observed that
there was less of a correlation between surface charge
and crystal plane or facet for SiHA. This observation
could be accounted for by substitution of SiO4

4�

groups into random PO4
3� lattice locations, which

could decrease the overall surface charge inconsis-
tently within crystal planes. This result is also consis-
tent with the bimodal distribution in that the more
negatively charge peak could be associated with areas
of higher SiO4

4� concentration and the peak aligned
with HA likely is associated with areas lower in
SiO4

4� concentration.

SiHA was observed to have a larger attractive ad-
hesion force (0.7 � 0.3 nN) than HA (0.5 � 0.3 nN).
The magnitude of the adhesion forces observed for
both HA and SiHA are typical of multiple noncovalent
interactions. The adhesion forces measured are likely
not hydrophobic interactions, since both HA and
SiHA become more hydrophilic over time in aqueous
solution, as seen in the contact angle measurements.
The adhesion forces for HA showed more positional
dependence, and there appears to be some correlation
between increased Hamaker constant and surface
charge with increased adhesion force for small A and
�, as shown in Figure 10. Since both A and � increase
for SiHA, this correlation is only seen in the HA data
meaning that the SiHA has larger and more consistent
surface adhesion. The larger adhesion forces observed
for SiHA could be due to its larger Hamaker constant
versus HA and could play a role in the bone–bioma-
terial bonding. The greater attractive van der Waals
force for SiHA could help overcome the electrostatic
double-layer repulsion of osteoblasts with negatively
charged cell membrane surfaces (e.g., surface poten-
tials of MC3T3-E1 mouse osteoblasts suspended in
physiological saline were measured through ultra-
sonic attenuation spectroscopy to vary from �29.4 to
�52.4 mV at pH 7.3–7.5)47 and the net negative charge
of most serum proteins.48 In general, adhesion inter-
actions have contributions from surface forces such as
van der Waals, surface charge, and hydrophobicity as
well as surface topology, which can be difficult to
deconvolute.

As described in this article, the magnitude and spatial
distribution of nanoscale surface characteristics such as
surface charge, Hamaker constant, and adhesion are
markedly different between SiHA and HA. It is expected
that these characteristics play an important role in the
physiochemical processes that take place upon implan-
tation of a bioactive biomaterial into a bony site. In
addition to surface forces measured in this study it
should be reiterated that HA did have larger grains
(5.2 � 2.1 m) than SiHA (2.6 � 1.3 m), likely because
of silicon interference in grain growth.3 The decreased
grain size, and therefore increased number of triple grain
junctions in SiHA, increases its solubility, which could
also affect its bioactivity.49,50 Bioactivity is likely deter-
mined by a combination of nano- and microscale prop-
erties. Isolating the effects of each, in theory, could be
determined by a general methodology whereby samples
are prepared of varying microstructure (e.g. grain size)
but constant nanomechanical and structural features,
which in practice is nontrivial.

CONCLUSIONS

In this study, we have employed the technique of
chemically and spatially specific high-resolution force
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spectroscopy to measure the net nanoscale surface
interactions of dense, polycrystalline 0.8 wt % Si-sub-
stituted HA at specific nanosized positions within in-
dividual grains in aqueous electrolyte solution. We
have shown that silicon incorporation into an HA
lattice results in increased nanoscale attractive van der
Waals interactions and an increased negative charge
surface charge density relative to unsubstituted HA.
Additionally, SiHA was found to have increased sur-
face adhesion less dependant on spatial position than
HA, possibly due to increased van der Waals interac-
tions. The markedly enhanced in vitro apatite forma-
tion in SBF,6–8 increased in vitro cell proliferation and
creation of focal points of adhesion,9 as well as in vivo
bone ingrowth10 and remodeling 11 of SiHA over pure
HA may be partly due to these nanoscale surface
characteristics.
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