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Abstract

This work demonstrates the effects of both surface preparation and surface post-treatment by exposure to electron beam on the sur-
face texture, contact angle and the interaction with bone-forming cells of electrochemically deposited hydroxyapatite (HAp) coating.
Both the surface texture and the contact angle of the ground titanium substrate changed as a result of either heat treatment following
soaking in NaOH solution or soaking in H2O2 solution. Consequently, the shape of the current transients during potentiostatic depo-
sition of HAp changed, and the resulting coatings exhibited different surface textures and contact angles. The developed interfacial area
ratio Sdr and the core fluid retention index Sci were found more reliable than the mean roughness Ra and the root-mean-square rough-
ness Zrms in correlating the adhesion of the coating to the metal substrate and the cellular response with surface texture. The NaOH
pretreatment provided the highest surface area and induced the highest cell attachment, even though the H2O2 treatment provided
the highest hydrophilicity to the metal substrate. Electrodeposition at pH 6 was found preferable compared to electrodeposition at
pH 4.2. The ability to modify the cellular response by exposure to unique electron-beam surface treatment was demonstrated. The very
high hydrophilicity of the as-deposited HAp coating enhanced its bioactivity.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A key factor for successful fixation of cementless
implants used for joint reconstruction is the establishment
of a stable interface between the implant and bone. Coating
of the implant with osteoconductive hydroxyapatite (HAp,
Ca5(PO4)3(OH)) is a well-known method for achieving
such fixation [1]. The coating can improve the biocompat-
ibility of orthopaedic implants by blocking the diffusion of
poisonous elements from the metal into the body, as well as
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reducing the friction coefficient between the implant and its
biological surroundings [2]. HAp is capable of enhancing
bone growth across a gap around an implant in both stable
and unstable mechanical conditions, and even converting a
motion-induced fibrous membrane into a bony anchorage
[3,4].

Several methods are available for the application of
HAp coatings onto metal substrates. While plasma spray-
ing is by far the most commonly used technique for ortho-
paedic implants, other techniques such as dip coating,
sputtering, sol–gel, electrophoretic deposition and electro-
chemical deposition have attracted much interest in recent
years. Because the thermal expansion coefficients of HAp
vier Ltd. All rights reserved.
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or tricalcium phosphate (TCP, Ca3(PO4)2) are larger than
those of Ti-based metals (11–15 � 10�6 vs. 8–10 �
10�6 cm cm�1 K�1, respectively), it is not easy to obtain
good coatings on metals by processes that involve high
temperatures [5].

Eliaz et al. [6–13] have reviewed the advantages of elec-
trodeposition of HAp and studied different aspects of elec-
trocrystallization of HAp on commercially pure Ti (CP-Ti)
and Ti–6Al–4V, including the effects of bath pH and oper-
ating conditions, nucleation and growth, structure, chemis-
try and surface morphology, corrosion behaviour and
in vivo performance. In one of these studies [7], the need
for improving the adhesion of the coating to the substrate,
on one hand, and accelerating the bone growth during the
first few days post-operation, on the other hand, was
noted.

Certain surface treatments of the titanium substrate may
allow these two goals to be achieved. For example, it has
been reported that after soaking in an alkaline solution
(e.g. 5 M NaOH at 60 �C for 24 h), a hydrated titanium
oxide gel layer containing Na+ ions is formed on the sur-
face. A complementary heat treatment (e.g. 600 �C for
1 h) then dehydrates and densifies this layer, transforming
it to amorphous sodium titanate with a porous network
structure [13–18]. This phase is a precursor for amorphous
calcium titanate, which induces nucleation of amorphous
calcium phosphate, and then HAp. It was reported that
NaOH treatment prior to electrodeposition in a modified
simulated body fluid resulted in both a denser and a more
uniform brushite (CaHPO4�2H2O)/HAp coating [18]. It
was speculated that the porous network of the titanium
surface formed after the NaOH pretreatment provided
more favourable sites for the nucleation of CaP. Soaking
in NaOH per se has recently been found to be beneficial
both with respect to improving the adhesion of the coating
to the substrate and enhancing the bone growth around
HAp-coated implants in rabbits [13].

Another treatment of the titanium substrate may be
soaking in H2O2 [19–21], which results in formation of a
relatively thick porous oxide layer on the titanium surface.
In an aqueous medium, OH� bonds to the Ti cation in
TiO2, forming Ti–OH groups, which may be either acidic
or basic, depending on the pH of the electrolyte. Applica-
tion of cathodic potential results in a relatively high con-
centration of OH� ions in the vicinity of the cathode
surface, thus locally increasing the pH and providing better
conditions for the nucleation and growth of HAp.

Post-treatment of the HAp coating may also improve
the cellular response. For example, the wettability and elec-
tric charge at a material surface affect both cell and bacte-
rial adhesion. Cell adhesion, e.g. in the case of osteoblasts,
is often better on hydrophilic surfaces [22,23]. There are
several techniques for altering surface wettability, such as
deposition of self-assembled monolayers [24], light-induced
changes [25] and electrochemical methods [26]. In the pres-
ent work, an innovative process was evaluated. In this
treatment [27–31], low-energy electron irradiation leads to
surface energy modification on the nanoscale. HAp is a
p-type wide-band-gap semiconductor with originally posi-
tive surface band-bending and several electron/hole bulk
and surface states. The energy of the primary incident elec-
trons significantly exceeds the mobility gap in HAp
(Eg � 4 eV), resulting in generation of electron–hole pairs.
The traps of different origin located in the irradiated sur-
face region lead to the capture of primary and secondary
electrons and holes, which are thermalized on the scale of
tens of angstroms. Because the electron mobility is higher
than the hole mobility, holes may constitute hole surface
traps, while electrons are localized by bulk states, thus cre-
ating a thin charged double layer near the surface (�0.5–
5 nm deep). Consequently, the wettability is changed even
without applying external electric fields or interlayer depo-
sition. This process provides gradual modulation of the
wettability over a wide range of contact angles, from
hydrophilic to superhydrophobic, by variation of the inci-
dent electron charge. The process allows induction of either
uniform or patterned wettability, without altering the
topography, roughness or the phase state of the material.
The tailored wettability state remains stable for at least
one month in various environment conditions, such as air
and high humidity. The process is reversible; the charge
can be discharged by UV irradiation.

The objective of this work was to determine the effects of
these three surface treatments (i.e. two pre-treatments and
one post-treatment) on the surface texture, wettability and
interaction with bone-forming cells in vitro of electrochem-
ically deposited HAp.

2. Materials and methods

2.1. Sample preparation and electrodeposition

The substrate metal was CP-Ti Gr. 2, in the form of
5 mm thick sheet. Samples, 1 � 1 cm2 in size, were cut
and ground mechanically on SiC papers from P120 to
P1000 grit. They were then washed with detergent and
water, ultrasonically cleaned in acetone, recleaned ultra-
sonically in Millipore deionized (Milli-DI) water and dried
in warm air.

Electrodeposition was carried out for 2 h at 90 �C, in a
solution containing calcium nitrate Ca(NO3)2 and ammo-
nium dihydrogen phosphate NH4H2PO4, following the
procedure described in detail elsewhere [11]. First, the effect
of the initial bath pH was sought, therefore comparison
was made between coatings deposited at either pH0 = 4.2
or pH0 = 6.0 (hereafter termed HAp4.2 and HAp6.0,
respectively). The pH was measured by an InoLab pH/
Oxi Level 3 meter (WTW), after the desired temperature
had been attained. An EG&G/PAR 263A potentionstat/
galvanostat was employed to maintain the cathode poten-
tial at �1.4 V vs. a saturated calomel electrode (SCE). The
CorrWare/CorrView (v. 2.6b) software package from
Scribner Associates was used for data acquisition and data
analysis.
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2.2. Sample pre-treatments

Following sample preparation as described in Section
2.1, some samples were left in the as-ground condition
while other samples were also treated before deposition
with either NaOH or H2O2. The NaOH treatment con-
sisted of soaking the samples in 5 M NaOH solution at
60 �C for 24 h, washing in Milli-DI water, drying in warm
air and annealing in an air furnace at 600 �C for 1 h. The
H2O2 treatment consisted of immersion in 5 M H2O2 solu-
tion (30 mL) at 60 �C for 24 h, washing in Milli-DI water
and drying in warm air. All pretreated samples were subse-
quently electrodeposited for 2 h at E = �1.4 V vs. Ag/
AgCl in a solution at 70 �C and pH0 = 6.0.
2.3. HAp surface post-treatment

The electron irradiation system employed a commer-
cially available electron gun (EFG-7, Kimball Physics
Inc., USA). The treatment was performed in vacuum of
10�7 Torr at room temperature, using electron flux with
excitation energy between several tens of eV and 100 eV,
and electron current density between 10 and 100 nA cm�2.
The exposure time was varied in the range of 0–3000 s,
depending on the desired water contact angle. The same
technique was applied to some uncoated titanium sam-
ples, in order to make them either more hydrophobic or
more hydrophilic. In order to form a more hydrophilic
state, UV illumination was applied, using a non-filtered
UV light (185–2000 nm) and a 200 W mercury–xenon
lamp.

2.4. Contact angle measurements

Sessile drops of DI water at pH = 5.5 were placed on the
sample surface. The effect of surface heterogeneity of the
studied samples was examined by measuring the contact
angle hysteresis, using the tilting plate technique. The con-
tact angle hysteresis is the difference between the advancing
and the receding contact angles [32]. The optical wettability
inspection was performed by a light microscope (Olympus
MX-50, Opelco, USA), combining two CCD color cameras
and image analysis by means of ImageJ 1.34s software. The
volume of each drop was 2 lL. All measurements were car-
ried out at 26 ± 1 �C and 45 ± 5% RH, with an accuracy of
±1�. The contact angles were measured 10 s after the drop
was deposited, which was the estimated time required to
attain equilibrium with the liquid in use. The contact angle
hysteresis was 5 ± 1� for the hydrophilic state, and 17 ± 3�
for the hydrophobic state.

2.5. Cell culture, fixation and counting

We used mouse osteogenic cell line MBA-15, which
expresses osteoblastic phenotype in vitro and forms bone
in vivo [33,34]. On each Ti sample, either coated or
uncoated, 7000 cells were seeded. Cells were grown in Dul-
becco’s modified Eagle’s minimal essential medium
(DMEM, Beit Haemeck), with 10% fetal calf serum
(FCS, Biological Industries), 1% glutamine (Sigma–Aldrich
Ltd.), and 1% antibiotics (penicillin and streptomycin,
Sigma–Aldrich Ltd.) in 5% CO2 at 37 �C for 24 h.

The subsequent fixation procedure consisted of the fol-
lowing steps [35]. The specimens were washed twice by
phosphate-buffered saline (PBS) and fixed in PBS contain-
ing 3% glutaraldehyde for 1 h. Then, the samples were
washed three times in PBS and were immersed overnight
in PBS containing 5.4% sucrose. Dehydration was per-
formed in increasing concentrations of ethanol (from 30%
to 100%), 10 min in each solution. The samples were dried
for 30 min at room temperature.

Cell count was based on incorporation of 1 mg mL�1

BisBenzimide Hoechst 33342 trihydrochloride (Sigma–
Aldrich Ltd.) that labels the DNA and serves for visuali-
zation of nuclei. This fluorescent dye was added for 5 min
to cells that were then washed and post-fixed in 3% glu-
taraldehyde for 1.5 h. Fluorescence was recorded using a
Leica DMRB upright microscope, excitation filter BP
340-380, with a magnifier 12-bit color CCD camera. Cell
counting was done using ImageJ 1.34s image analysis
software.
2.6. Statistical analysis

The texture, contact angle and cell count values are
reported as means ± standard deviation. A one-way analy-
sis of variance (ANOVA) and Tukey post hoc (multiple
comparisons) test were applied, using the SPSS statistical
package. Differences of P < 0.05 were considered to be sta-
tistically significant.

2.7. Characterization of surface morphology and texture

The surface morphology of gold-sputtered deposits was
imaged by scanning electron microscopy (SEM, JEOL
JSM-6300). The attached energy-dispersive spectroscopy
(EDS, Oxford Isis) system was used to estimate the Ca/P
ratio as well as to identify other elements present in the
deposit. Complementary imaging was performed by envi-
ronmental SEM (ESEM, Quanta 200 FEG, FEI) without
any sputtering of conductive material.

Atomic force microscopy (AFM, PicoSPMTM, Molecu-
lar Imaging) was used to image the surfaces in air. Imag-
ing was done under contact mode, using tips made of
Si3N4 (Veeco). Topography, deflection and three-dimen-
sional images were acquired. The mean length and mean
width of the CaP crystals were determined by direct mea-
surement of features on the deflection image. The mean
thickness, on the other hand, was determined from line
scans on the topography image. Roughness parameters
were calculated following image processing with the aid
of SPIPTM software.



N. Eliaz et al. / Acta Biomaterialia 5 (2009) 3178–3191 3181
3. Results

3.1. Electrodeposition at pH 4.2 vs. at pH 6.0

SEM images (not shown here) revealed significant differ-
ences in the surface morphology of HAp4.2 and HAp6.0
coatings. EDS analysis revealed only reflections of Ca, P
and O from the coating, and Ti (and possibly some O) from
the substrate. There was no indication of the presence of
other elements, such as heavy metals, in the range of 0–
20 keV. The calculated Ca/P atomic ratios were 1.58 and
1.41 for HAp6.0 and HAp4.2, respectively. X-ray diffrac-
tion revealed, in both cases, only reflections of HAp
(JCPDS file #09-0432) and Ti (#44-1294). Preferred orien-
tation of both the substrate and the coating along the
{0 0 2} planes was observed, as reported earlier [11]. The
texture was less prominent in HAp4.2 than in HAp6.0.
The latter exhibited sharper and narrower peaks, indicating
that the level of crystallinity in HAp6.0 was higher than
that in HAp4.2. The Debye–Scherrer equation also indi-
cated that HAp6.0 coatings were closer to the ideal struc-
ture than HAp4.2 coatings. Other differences between the
two types of coatings have been reported elsewhere [11].

In order to decide whether the focus should be on
HAp4.2 or on HAp6.0 coatings, the viability of cells on
each of the two surfaces was evaluated by SEM and com-
pared to that on ground Ti (Gr-Ti). The coated samples
had been masked at one corner during electrodeposition.
Therefore, cells at this corner were later exposed to pure
Ti. Fig. 1 demonstrates the typical MBA-15 cell coverage
and cell morphology on each of the three surfaces. The area
covered with cells was larger on HAp6.0 than on HAp4.2,
implying that the former was more bioactive. Cell coverage
over the centre of the surfaces was more prominent on Gr-
Ti and on HAp6.0 than on HAp4.2 surfaces. On Gr-Ti
(Fig. 1a), a confluent cell layer covered the surface, mask-
ing most of the grinding grooves. The cells were flattened
and well spread, forming network, with almost no filopodia
and lamellipodia visible. A correlation was observed
between the orientation of the grooves and the orientation
of the cells, a phenomenon known as ‘‘contact guidance”

[36,37]. The cells spread much less on HAp4.2 and mostly
had a stellate shape (Fig. 1b). Some cells retained the ellip-
soid shape of the nucleus, with a diameter of �7 lm, while
beginning to form circular lamellipodia and spidery filopo-
dia (Fig. 1f). Fewer rounded cells were observed on
HAp6.0 (Fig. 1g) compared to HAp4.2. Instead, the cells
were highly stretched on top of needles of the HAp coating
and exhibited many focal contacts (Fig. 1c–e). At high
magnifications (Fig. 1e), the cytoplasmic membrane
seemed to be very thin, bridging over the coating protru-
sions, except where filopodia penetrated into pores and
grasped the needles to assist in stretching and morpholog-
ical changes of the cell.

Based on the higher crystallinity of HAp6.0 compared
to HAp4.2, which may result in enhanced longevity of
the former in vivo, and on the better cell viability on the
former, it was concluded that HAp6.0 may be more attrac-
tive for orthopaedic implants. Therefore, the rest of the
work was conducted on HAp6.0.

3.2. The effect of pretreatments on the surface characteristics

of uncoated titanium

The appearance of the titanium surface was significantly
altered by the different pretreatments, as evident from
Fig. 2. Deformation and grooves due to mechanical grind-
ing were evident on Gr-Ti (Fig. 2a). After NaOH treatment
(denoted hereafter as NaOH-Ti), the grinding grooves were
no longer evident, but instead the surface contained ‘‘mud
cracks” that had probably formed during dehydration
(Fig. 2b). Such cracks may increase the mechanical inter-
lock between the HAp coating and the Ti substrate,
thereby increasing the adhesion strength. A closer look at
the crack edges showed that they were not smooth, but
had a needle morphology, which was also observed in
AFM images. Terraces and aggregates of nanocrystals
were observed on the surface. The H2O2 pretreatment
(denoted hereafter as H2O2-Ti) did not mask the original
grinding grooves (Fig. 2c), but made them shallower, which
means that the newly formed surface layer was much thin-
ner than that formed during the NaOH pretreatment.

In wet coating processes, a low water contact angle (i.e.
high hydrophilicity) is usually favourable in order to
achieve high surface coverage. The typical shape of water
drops on each of the three types of surface is demonstrated
in Fig. 3. Fig. 4 includes quantitative analysis of all obser-
vations. From this figure it is evident that all three types of
surface may be classified as ‘‘hydrophilic”. However, both
chemical pretreatments reduced the water contact angle
significantly, towards the spreading/full wettability limit.
If water contact angle was the only criterion for selection,
then, according to Fig. 4, the H2O2 pretreatment would
be favourable compared to the NaOH pretreatment. How-
ever, as discussed below, a pronounced surface roughness
effect led to another conclusion.

The surface roughness of a metal substrate may affect
significantly both the structure and properties of an electro-
deposit being formed on it and the interaction between the
metal surface and biological matter. The amplitude param-
eters most often used in the literature are the mean rough-
ness Ra and the root-mean-square roughness Zrms [38]. The
mean Ra values, for example, were 13.6, 11.0 and 32.0 nm
for Gr-Ti, H2O2-Ti and NaOH-Ti, respectively. However,
matching the Ra and Zrms values of HAp-coated samples
with ESEM images of the same samples, it became appar-
ent that the use of these amplitude parameters to character-
ize the porous coating resulted in inconsistent, misleading
conclusions. The insensitivity of these two parameters has
been observed before [39].

Two alternative texture parameters were found more
reliable in the present work. The developed interfacial area
ratio Sdr reflects the additional surface area contributed by
the texture compared to a totally flat sampling plane. This



Fig. 1. SEM/ESEM images of cells on surfaces of: (a) Gr-Ti, (b and f) HAp4.2 and (c–e and g) HAp6.0.
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hybrid parameter can be useful in applications involving
surface coatings and adhesion, or when considering sur-
faces used with lubricants and other fluids. The core fluid
retention index Sci is derived from the bearing area analy-
sis of the complete three-dimensional surface. It is a mea-
sure, relative to Zrms, of the volume of fluid that the
surface would support from 5% to 80% of the bearing area
[39,40]. Both Sdr and Sci were determined by the SPIPTM

image processing software applied to AFM images.
According to Fig. 4, NaOH-Ti had a much higher Sdr

value compared to either Gr-Ti or H2O2-Ti. This means
that, at least from a texture point of view, NaOH-Ti would



Fig. 2. ESEM images of the surfaces of (a) Gr-Ti, (b) NaOH-Ti and (c)
H2O2-Ti.
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be the favourable substrate for electrochemically deposited
HAp, potentially providing higher adhesion strength.
ANOVA calculation revealed that there was statistically
significant difference between surface treatments with
respect to the resulting Sdr and water contact angle values
(P = 7.3 � 10�8 and P = 7.2 � 10�6, respectively). The
Tukey post hoc test revealed that in the case of the Sdr val-
ues, all three groups were significantly different from each
other (P 6 4.8 � 10�3). In the case of the water contact
angle values, this post hoc test revealed that the groups
with significant difference between each other were Gr-Ti
vs. H2O2-Ti (P = 8.9 � 10�6) and Gr-Ti vs. NaOH-Ti
(P = 2.3 � 10�5), whereas H2O2-Ti vs. NaOH-Ti was not
significantly different (P = 0.11). Based on these results, it
was decided to focus on the NaOH pretreatment in the fol-
lowing in vivo study [13].

3.3. The effect of pretreatments on the electrodeposited HAp

Fig. 5 shows the typical current density transients mon-
itored during potentiostatic deposition of HAp. The tran-
sient for HAp on Gr-Ti (denoted as Gr-Ti-HAp) is
similar to that reported and analyzed before by Eliaz
et al. [8,10,11]. The shape of the transients for HAp on
both NaOH-Ti (denoted hereafter as NaOH-Ti-HAp)
and H2O2-Ti (denoted as H2O2-Ti-HAp) was markedly dif-
ferent from that for Gr-Ti. In Section 3.2 it was shown that
each of the three substrates had different characteristics
with respect to surface texture and wettability, both of
which may affect the electrodeposition process. The mea-
sured open-circuit potential (OCP) values were also signif-
icantly different: �84, �256 and �428 mV vs. SCE for
H2O2-Ti, Gr-Ti and NaOH-Ti, respectively. Figs. 6 and 7
show that the surface morphologies of the resulting HAp
coatings were also significantly different.

Fig. 6 reveals that both Gr-Ti-HAp and NaOH-Ti-HAp
coatings consisted of needles (or whiskers). For the NaOH
pretreatment (Fig. 6b), these needles were arranged in
aggregates with a more distinct preferred orientation.
ESEM images acquired at high magnification revealed that
the needles were actually prismatic hexagonal bars,
approximately 300 nm in diameter (Fig. 6d). Often, the
outer shape of a crystal, as observed by electron micros-
copy, is related to the point group symmetry to which the
crystal belongs. Thus, it is likely that each bar in Fig. 6d
is a single crystal of HAp. The H2O2-Ti-HAp coating
exhibited a platelet morphology (Fig. 6c), but the size of
each platelet was much larger and the visual porosity level
seemed to be dramatically higher. AFM images further
supported this observation (see Fig. 7).

AFM images show that each Gr-Ti-HAp bar was of the
order of 600 � 1120 nm laterally (Fig. 7a), while NaOH-Ti-
HAp bars were smaller—of the order of 350 � 950 nm
(Fig. 7b). In the case of H2O2-Ti-HAp, the platelets were
much larger—of the order of several micrometers
(Fig. 7c). The bar/platelet dimensions measured in this
work are more than one order of magnitude larger than
the crystal sizes known for HAp in the human body [41].
The reason for this difference has been explained elsewhere
[8]. When imaging the structure shown in Fig. 7b at even
higher magnification (Fig. 7d), it became apparent that
each terrace was not equiaxed, but rather consisted of
many small fibers with elliptic-like cross-section, stacked
together. Each fiber was approximately 25–50 nm in its
largest diameter. This is already the size scale typical of
biological HAp crystals.



Fig. 3. Water drops on different surfaces: (a) Gr-Ti, (b) NaOH-Ti and (c) H2O2-Ti. (c) was magnified digitally in order to enable identification of the drop.

Fig. 4. Roughness and water contact angle of pretreated titanium surfaces. The data are presented as means ± standard deviation.
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Fig. 5. The typical current density transients during potentiostatic deposition of HAp on three types of substrate.

Fig. 6. ESEM images revealing the typical surface morphologies of: (a) Gr-Ti-HAp, (b) NaOH-Ti-HAp and (c) H2O2-Ti-HAp. High-magnification image
(d) shows that the bars in (b) have hexagonal cross-section.
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The measured values of the texture parameters Sdr and
Sci for the HAp-coated samples are presented in Fig. 8 in
comparison to those of Gr-Ti. These values are based on
AFM data. It is evident that NaOH-Ti-HAp had the highest
roughness. Therefore, from the roughness point of view, it
may be expected that this surface would be the preferred



Fig. 7. AFM deflection and three-dimensional images revealing the typical morphologies of: (a) Gr-Ti-HAp, (b) NaOH-Ti-HAp and (c) H2O2-Ti-HAp.
High-magnification deflection image (d) shows that the terraces in (b) represent stacking of fibers with elliptic-like cross-section.
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Fig. 8. The measured developed interfacial ratio (Sdr) and core fluid retention index (Sci) of uncoated vs. HAp-coated samples. The data are presented as
means ± standard deviation.
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one for osteoblastic cells to adhere onto. ANOVA calcula-
tion showed that the Sci values were not significantly differ-
ent between groups (P = 6.6 � 10�2). Significant difference
between the four types of samples was observed with respect
to the Sdr values (P = 5.8 � 10�6). The Tukey post hoc test
revealed that the groups with significant difference between
each other were Gr-Ti vs. Gr-Ti-HAp (P = 7.7 � 10�5),
Gr-Ti vs. NaOH-Ti-HAp (P = 6.3 � 10�5), H2O2-Ti-HAp
vs. Gr-Ti-HAp (P = 3.2 � 10�5) and H2O2-Ti-HAp vs.
NaOH-Ti-HAp (P = 2.6 � 10�5). The values for Gr-Ti vs.
H2O2-Ti-HAp (P = 0.66) and Gr-Ti-HAp vs. NaOH-Ti-
HAp (P = 0.99) were not significantly different. It seems that
Sdr was more sensitive than Sci in identifying statistical dif-
ferences between the four groups.

The cells’ morphology on pretreated and electrodepos-
ited samples was similar to that presented in Fig. 1 for
HAp6.0. Fig. 9 shows the digital cell counts per area unit
(partial population). Two typical fluorescence images of
the cell nuclei (Hoechst staining) are also included. The
highest number of cells was counted on NaOH-Ti-HAp,
while the lowest number was observed on Gr-Ti. ANOVA
calculation showed significant difference between the four
groups of samples (P = 4.2 � 10�23). The Tukey post hoc
test revealed that all groups were significantly different
from one another (P 6 9.8 � 10�4).

3.4. The effect of electron-beam treatment

Modification of the surface energy on the nanoscale was
made both to HAp-coated and to uncoated samples, apply-
ing the process developed by Rosenman et al. [27–31]. The
results of a feasibility study are presented here. Gr-Ti and
Gr-Ti-HAp, which were originally hydrophilic, were trea-
ted to become hydrophobic (denoted hereafter as Gr-Ti-
hpb and Gr-Ti-HAp-hpb, respectively). Gr-Ti was also
treated under UV illumination to render it even more
hydrophilic (denoted as Gr-Ti-hpl). Untreated Gr-Ti and
Gr-Ti-HAp served as controls.

Cell count revealed that the highest cell density was on
Gr-Ti-HAp (Fig. 10). Therefore, all other cell count values
in Fig. 10 were normalized relative to this value. For
uncoated Ti it is evident that the electron-beam treatment
resulted in an increase in the cell density, either for Gr-Ti-
hpl or for Gr-Ti-hpb, although the increase was more signif-
icant in the case of Gr-Ti-hpl. When the most hydrophilic
Gr-Ti-HAp was post-treated, its water contact angle
increased dramatically and the cell density decreased. Inter-
estingly, the cell density on Gr-Ti-HAp-hpb was nearly the
same as on Gr-Ti-hpl. Based on Fig. 10 it is concluded that
the good bioactivity of the electrodeposited HAp could
result from a synergistic effect of texture and hydrophilicity.

4. Discussion

As mentioned in Section 3.1, the HAp6.0 coating was
both richer in Ca and more crystalline than HAp4.2.
HAp6.0 was also more bioactive; the cells on it were
stretched and exhibited more lamellipodia and filopodia.
In contrast, cells on Gr-Ti were flattened and exhibited
‘‘contact guidance”. It is well known that the crystallinity
of a biomaterial surface affects specific cell responses such
as the organization of cytoskeleton filaments and cell pro-
liferation mechanisms. Spreading of osteoblasts, for exam-
ple, has been reported to be faster on more crystalline
surfaces, mainly due to the development of a more orga-
nized cytoskeleton [42]. During cell culture, extracellular



Fig. 9. Cell density on different surfaces (partial population). The data are presented as means ± standard deviation. Inset: Two typical fluorescent images
of cell nuclei (Hoechst staining) on Gr-Ti vs. NaOH-Ti-HAp.

Fig. 10. Normalized cell count and water contact angle for several uncoated and HAp-coated surfaces. The data are presented as means ± standard
deviation.
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matrix (and other) proteins adsorb onto the biomaterial
surface and help in the subsequent cell attachment. In the
case of osteoblast culture in serum, which is relevant to
the present study, fibronectin and vitronectin are two
important proteins that affect the cell attachment and
spreading [43,44]. It has been reported that calcium ions
in HAp, which form sites of positive charge, aid the adhe-
sion of these two proteins, thus promoting the attachment
of osteoblasts [45,46]. Other researchers have also reported
the positive effect of calcium ions on cell growth [47,48], in
contrast to the inhibitory effect of phosphate ions on cell
activity [49]. Thus, the enhanced bioactivity of HAp6.0
compared to HAp4.2 may be explained in the combined
effect of crystallinity and Ca content.

In this work, the attachment of cells was studied. This
process occurs rapidly and involves short-term events such
as physicochemical linkages between cells and materials,
relevant ionic forces, van der Waals forces, etc. [23,50].
The longer-term process of adhesion was not studied.
The use of medical devices involves interactions between
the surface of the devices and cells. The initial interactions
are important towards the processes of cell proliferation
and differentiation of a desired tissue when integrating with
the implant. The initial cell attachment will allow the sig-
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nalling process that controls cell viability and proliferation
capacity. Structural features of the material have been
shown to modulate the nature of MBA-15 osteogenic cell
attachment and the resulting cell shape and to affect cell
proliferation, differentiation or apoptosis decisions, even
within 24 h of cell culturing [51].

Cell motility is generally associated with the protrusion
of two types of actin-rich structures, namely lamellipodia
and filopodia, at the leading edge of migrating or spreading
cells [52]. These focal contacts serve as coordination sites
between cell adhesion and motility; enhanced focal adhe-
sion is associated with reduced cell motility. The elongation
and reorientation of filopodia may be determined by guid-
ance cues from the environmental signalling, e.g. the bio-
material surface structure [53,54]. From Fig. 1 it is
evident that the osteoblastic cells had more enhanced
motility on HAp6.0 than on Gr-Ti. The morphology of
flattened cells with numerous filopodia is similar to that
reported elsewhere for osteoblasts on CaP [55,56]. The phe-
nomenon reflected, for example, by anchorage of actin
fibers at the periphery of artificial pillars where focal con-
tacts form and stretch from one pillar to the next was
termed ‘‘topographical compensation” or ‘‘gap guidance”

[57]. Regarding the behaviour of cells on Gr-Ti, it is well
known that, in response to microgrooved surfaces, cells
may elongate in the direction of the grooves and be tra-
vel-guided by them. This phenomenon has become known
as ‘‘contact guidance” [36,37,58–60]. The groove depth was
shown to be much more important than the spacing
between grooves in determining cell alignment, which
increased with depth [58].

In Section 3.2 it was shown that the NaOH pretreatment
resulted in the roughest substrate surface in terms of Sdr.
Hence, it was expected that this pretreatment would provide
the highest adhesion strength to the HAp coating. Indeed, in
a recent study (unpublished data) Eliaz et al. found that the
adhesion strength of grit-blasted Ti was the highest when
NaOH treatment was added (19.6 MPa), but lower when
the H2O2 treatment was used instead (7.2 MPa). In compar-
ison, HAp on Gr-Ti (with no grit blast) exhibited the lowest
adhesion strength (2.1 MPa). In the present study, after
electrodeposition, NaOH-Ti-HAp was the roughest in
terms of Sdr (Fig. 8) and had the highest cell coverage
(Fig. 9). In a recent in vivo study [13], the soaking of Ti–
6Al–4V in NaOH, without subsequent heat treatment, pro-
vided both enhanced osseointegration and reduced occur-
rence of delamination compared to grit-blasted, grit-
blasted and electrodeposited, and plasma-sprayed implants.
It was hypothesized that the higher measured content of the
octacalcium phosphate phase in NaOH-Ti-HAp and the
associated increase in the solubility of this coating in vivo
were responsible for the enhanced osseointegration. Yet,
the NaOH treatment was found beneficial also in the case
of the uncoated implant [13]. The results in the present
in vitro study are in accordance with that in vivo study. In
addition, the effects of both roughness and hydrophilicity
are demonstrated.
The effect of roughness on cell attachment has been
demonstrated before [23,36,43,50,58,61]. It was shown that
the surface roughness must be within the scale of the cell to
be perceived by the cell, and within this limit, rougher sur-
faces support the expression of a more differentiated osteo-
blastic phenotype based on increased alkaline phosphatase
activity and osteocalcin production [50]. It was also
reported that increased surface roughness, both at the
micrometer and at the nanometer levels, without changes
in surface chemistry, could promote functions of osteo-
blasts, leading to new bone synthesis [61]. Most studies,
however, have expressed the roughness in terms of Ra. It
is usually ignored that Ra (as Zrms) may be misleading, giv-
ing, for example, identical values to two surfaces that are
(microscopically) clearly different [39]. Fig. 8 shows the fol-
lowing descending order of Sdr: NaOH-Ti-HAp > Gr-Ti-
HAp > Gr-Ti > H2O2-Ti-HAp. This order is supported
by Figs. 6 and 7. On the other hand, Ra analysis of the
same raw data (AFM) resulted in the following descending
order of roughness: Gr-Ti-HAp > NaOH-Ti-HAp > H2O2-
Ti-HAp > Gr-Ti. This, of course, could have led to a
wrong explanation!

The adhesion and proliferation of osteoblasts have been
correlated with substratum wettability, the cells exhibiting
a strong preference for hydrophilic substrata [22]. Fig. 10
(Section 3.4) allows for isolation of the effect of surface
energy (or, surface charge) per se, because the electron-
beam post-treatment changes neither the surface morphol-
ogy and roughness nor the chemistry of the surface (except,
maybe, formation of a carbon-rich contamination layer
[31]). Comparison between Gr-Ti-HAp and Gr-Ti-HAp-
hpb, Gr-Ti-hpb and Gr-Ti-hpl, Gr-Ti-hpl and Gr-Ti-
HAp-hpb, supports the claim for the positive effect of
hydrophilicity. Kelvin probe measurements showed that
the different uncoated and HAp-coated surfaces had differ-
ent surface charges. It should be borne in mind, however,
that when relating the relative biological interaction with
surface energy, there may be an optimal biocompatibility
zone with respect to the critical surface tension (or surface
free energy) [62]. Therefore, further study should be carried
out, in which the surface energy will be tuned in a con-
trolled manner from full spreading to superhydrophobicity,
taking advantage of the unique electron-beam process, and
the resulting interaction of cells with the surface will be
analyzed. It has been reported that the water contact angle
increases monotonically with the incident charge dose [31].
In addition, it may be possible to distinguish between the
contributions of the Lifshitz–van der Waals forces of
attraction and repulsion attributed to long-range forces
and of the short-range polar interactions of Lewis acid/
base type to the total free energy of the surface [31].

5. Conclusions

The effect of surface pretreatments (i.e. grinding, NaOH
treatment and H2O2 treatment), surface post-treatment
(electron-beam irradiation) and bath pH (either 6 or 4.2)
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on the surface texture, water contact angle and interaction
with bone-forming cells of electrochemically deposited
HAp coating on CP-Ti was studied. HAp electrodeposited
at pH 6 was preferable compared to HAp electrodeposited
at pH 4.2 with respect to osteoblast cell attachment,
because the former coating was both richer in Ca and more
crystalline. NaOH pretreatment resulted in the roughest
substrate surface and in the highest adhesion strength of
the HAp coating. The HAp coating after NaOH pretreat-
ment was the roughest and had the highest cell coverage.
The use of the amplitude parameters Ra (mean roughness)
and Zrms (root-mean-square roughness) might lead to mis-
leading conclusions, particularly when studying porous
coatings such as HAp. The use of the hybrid parameter
Sdr (developed interfacial area ratio) was found to be more
sensitive and reliable in distinguishing between different
surfaces and predicting their effect on cell attachment.
The use of the electron-beam post-treatment demonstrated
the preference of osteoblasts for hydrophilic surfaces. This
treatment provides a new opportunity for isolating the
effect of surface charge/energy per se. The HAp crystals
on NaOH-treated surface were similar in their hexagonal
morphology and size to the biological apatite. Elliptical
fibers were stacked together, forming non-equiaxed ter-
races within each bar. The electrodeposited HAp enhanced
the cell attachment, compared to the CP-Ti substrate.
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