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Abstract The effect of different mechanical and chemi-

cal pre-treatments on the adhesion strength of hydroxyap-

atite (HAp) coating on a commercially pure titanium

(CP-Ti) substrate was studied by means of a standard

tensile test followed by microscopic and chemical analysis

to determine the locus of fracture. In addition, the effects of

either these pre-treatments or post-treatment by low-energy

electron irradiation, which allowed tuning the wettability

of the surface, on both osteoblast progenitor attachment

and S. aureus bacteria attachment were investigated. A

dedicated program was developed for unambiguous iden-

tification and count of stained cells. A single-phase HAp

coating was formed by electrodeposition. A series of sur-

face pre-treatments consisted of grinding down to P1000,

etching in HNO3/HF solution, grit blast, soaking in NaOH

and subsequent heat treatment provided the highest adhe-

sion strength to the HAp coating. Osteoblast progenitors

derived from rats may be attached preferentially to a

hydrophilic surface (post-treatment to h = 30�), while the

bacteria seemed to be less attached to hydrophobic surfaces

(post-treatment to h = 105�). However, the results were

not statistically different. The bacteria seemed to be less

attached to the smoother, uncoated surfaces.

1 Introduction

Hydroxyapatite (HAp) coatings have been applied for

approximately 30 years on orthopedic implants in order to

improve their osseointegration. Plasma spraying has been

the most commonly used coating technique for this pur-

pose. However, in recent years much interest in chemical

and electrochemical coating techniques has emerged. Eliaz

et al. have studied different aspects of electrochemical

deposition of HAp on commercially pure Ti (CP-Ti) and

Ti–6Al–4V, including its nucleation and growth [1–3], the

effects of bath chemistry and operating conditions [4, 5],

the corrosion behavior of the coated samples [5, 6], the

effect of surface pre-treatments and post-treatments on the

composition, phase content, surface morphology and wet-

tability of the coating as well as on its interaction in vitro

with bone-forming cells [7], and its in vivo performance

[8, 9]. In one of these studies [8], the need for improvement

of the adhesion of the coating to the substrate was noted.

This can be done, in principle, by either mechanical or

chemical surface pre-treatments such as grit blasting

[9–11], soaking in aqueous solution of NaOH and sub-

sequent heat treatment [9, 12], or soaking in H2O2 [7, 13,

14]. Although the effect of such pre-treatments on the

adhesion strength of electrochemically deposited HAp

coating was shortly mentioned by Eliaz et al. [7], the

mechanical tests were overlooked.

Another issue that has not been investigated in our

previous publications is the effect of surface wettability

on the attachment of bacteria. About 2% of the joint
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prostheses implanted in the USA are infected, resulting in

related cost, failure and disability [15, 16]. About two

thirds of infections are caused by either Staphylococcus

aureus (S. aureus) or coagulase-negative staphylococci

[15, 16]. Biomaterial characteristics that affect the adsorp-

tion of bacteria to the implant surface include surface

composition, topography, hydrophobicity, charge, micro-

structure, and rigidity. An ideal hip implant should exhibit

the highest attachment of bone-forming cells and, at the

same time, the minimal attachment of bacteria.

The aims of this work were: (i) to determine the effect of

different pre-treatments on the adhesion strength of elec-

trochemically deposited HAp, and (ii) to explore the effect

of post-treatments on the wettability of the coating and on

the attachment of both osteoblast progenitors and bacteria

to it.

2 Materials and methods

2.1 Sample preparation

The substrate metal was CP-Ti Gr. 2, in the form of 5 mm

thick sheet. Samples, 1 9 1 cm2 in size, were cut and

drilled at one face in order to provide gripping means

during either pre-treatments or electrodeposition and to

minimize contamination of the coated samples during

handling. They were then mechanically grounded on SiC

papers, from P60 to P1000 grit, washed in tap water,

soaked in acetone and cleaned ultrasonically for 5 min,

immersed in ethanol for 2 min, washed in Millipore

deionized (Milli-DI) water, and dried in cool air. Surface

activation was done by etching in a solution made of

20 vol.% nitric acid (HNO3, 65%)—2 vol.% hydrofluoric

acid (HF, 40%). The pre-treatment consisted of grinding to

P1000 will be hereafter termed Treatment #1, while the

pre-treatment consisted of grinding to P1000 followed by

etching in HNO3/HF solution will be hereafter termed

Treatment #2.

2.2 Mechanical and chemical pre-treatments

Most samples were grit-blasted (GB) with high-purity

(98.2%) white alumina powder from Calbex Mineral

Trading, Inc. (Henan, China). Blasting with alumina

powder was preferred over blasting with silica powder

because of biocompatibility aspects [9]. The blasting

machine was a model SandyPlus GD from Carlo DeGiorgi

(Italy). The blasting parameters were: grit size of F200–

F180 (59–68 lm), pressure of approximately 6 atm, and

working distance of 3 cm or higher. The GB operation

lasted until a dark grey shade evenly covered the sample.

The sample was then washed in DI water and cleaned

ultrasonically, as described in Sect. 2.1. The pre-treatment

consisted of grinding to P1000 followed by etching in

HNO3/HF solution and then grit blast will hereafter be

termed Treatment #3.

Some samples were soaked in a stirred solution of 5 M

NaOH at 60�C for approximately 24 h. The next day, they

were washed in tap water, then in running DI water, and

dried in cool air. Subsequently, they were placed for 1 h in

a furnace pre-heated to 600�C, and allowed to cool over-

night in the furnace. The pre-treatment consisted of

grinding to P1000 followed by etching in HNO3/HF solu-

tion, grit blast and NaOH treatment will hereafter be

termed Treatment #4. The treated samples were stored in a

tightly sealed box exposed to ambient atmosphere for no

longer than 3–4 days.

Some samples were alternatively soaked in a 5 M H2O2

solution and placed in an oven pre-heated to 60�C for 24 h.

They were then washed in DI water and dried in cool air.

The pre-treatment consisted of grinding to P1000 followed

by etching in HNO3/HF solution, grit blast and H2O2

treatment will hereafter be termed Treatment #5. The

treated samples were stored like the NaOH-treated

samples.

2.3 Electrodeposition of HAp

Electrodeposition was carried out for 2 h at 86�C, in a

solution containing 0.61 mM calcium nitrate Ca(NO3)2 and

0.36 mM ammonium dihydrogen phosphate NH4H2PO4

[5]. The pH was brought to 6.0 by addition of two drops of

1 M NaOH. After stirring, the pH was measured by an

InoLab pH/Oxi Level 3 meter (WTW). The conductivity of

the solution was also measured by means of a TDS/con-

ductivity/temperature meter (CON10 series, Oakton). The

electrochemical cell was placed in a water bath (Lauda

Ecoline E-220T) set to 86 ± 0.1�C. The reference elec-

trode was a saturated calomel electrode (SCE), the two

counter-electrodes were made of carbon, and the working

electrode was mounted on a sealed, stainless steel rod. An

EG&G/PAR 263A potentionstat/galvanostat was employed

to maintain the cathode potential at -1.4 V vs. SCE for

2 h. A CorrWare/CorrView (v. 2.6b) software package

from Scribner Associates was used for data acquisition and

data analysis.

2.4 Post-treatment

The wettability of the coated surface was tuned by an

innovative process of exposure to low-energy electron

irradiation, which has been described in detail elsewhere

[7]. 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
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Torr at room temperature, using electron flux with excita-

tion energy between several tens of eV and 100 eV, and an

incident charge ranging from 0 to 300 lC cm-2. For

osteoblast progenitor attachment tests (Sect. 2.8), the mea-

sured contact angle varied between 0� (in the as-deposited

condition, i.e. without post-treatment) and 105�, in steps

of 15�.

2.5 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

contact angle hysteresis is the difference between the

advancing and the receding contact angles [17]. The optical

wettability inspection was performed by a light microscope

(Olympus MX-50, Opelco, USA), combining two CCD

color cameras that allowed simultaneous side and top view

inspection, and image analysis by means of an ImageJ

1.34s software. One of the advantages of the top view

technique is that only axisymmetric drops are analyzed,

leading to higher accuracy of measurements [18]. The

volume of each drop was 2 ll. Ten drops were applied on

each sample at different locations, to assure reproducibility

and reliability of results. All measurements were carried

out at 20 ± 1�C and 45 ± 5% RH (relative humidity), 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.

2.6 Characterization of surface chemistry, morphology

and texture

X-ray photoelectron spectroscopy (XPS) measurements

and analysis were performed in accordance with the pro-

cedure described elsewhere in detail [2]. The atomic ratios

Ca/P and O/Ca were determined from high-resolution

spectra. In order to identify unambiguously the specific

CaP formed, the integrated intensity of the oxygen shake-

up peaks [19] was calculated.

X-ray diffraction (XRD) was used to verify the phase

content and texture. To this aim, a H–H powder diffrac-

tometer from Scintag, equipped with a liquid nitrogen-

cooled germanium solid-state detector and a Cu-Ka radiation

source (k = 1.5406 Å), was used. The data was collected at

a scan rate of 1�/min, from 2H = 2� to 60�.

Environmental scanning electron microscopy (ESEM)

combined with energy dispersive X-ray spectroscopy

(EDS) were used to characterize the surface morphology

and chemical composition as well as to determine the locus

of failure that occurred during tensile adhesion tests. The

ESEM (Quanta 200 FEG, FEI) enabled imaging without

sputtering of a conductive layer.

2.7 Measurement of the coating/substrate adhesion

strength

The strength of adhesion of the HAp coating to the metal

substrate is one of the key factors determining the success

or failure of the coating in vivo. Methods for measuring

this property include the shear test [20–22] and the tension

test [22–25]. International standards require that the value

of the adhesion strength be at least 15 MPa [26].

In this work, the tension test was used. The effect of

surface pre-treatments #1 through #5 on the coating/sub-

strate adhesion strength was evaluated. After pre-treatment,

the samples were electrodeposited with HAp, as described

in Sect. 2.3.

Each test specimen was an assembly of a coated sample

and a matching uncoated sample with exactly the same

dimensions and surface pre-treatment. The two parts of

the assembly were bonded together by a thin layer of a

3MTM Scotch-WeldTM Epoxy Adhesive DP-420 Off-

White, which was left to cure at room temperature for 24 h

while exposing each assembly to a compression stress of

138 kPa (20 psi). Drills were made through the largest face

of the square samples in order to screw-in the matching

adaptors. The adaptors, made of unquenched 1045 carbon

steel, were designed to hold the sample and connect it to

the grips of an MTS 20/M tensile machine. All bolts were

fabricated from hardened steel. The design ensured that the

coating test plane was perpendicular to the axial load. The

tensile load was applied at a constant cross-head velocity of

0.5 mm min-1. This velocity, which is slightly lower than

that recommended in [24], was found most suitable for the

samples used in this study, where both the cross-section

and the thickness of the coating were smaller than the

values referred to in [24]. Three assemblies were tensile

tested for each surface pre-treatment. In addition to mon-

itoring the maximum applied load, the locus of failure was

determined by analyzing both parts of the assembly by

means of ESEM-EDS.

2.8 Osteoblast progenitor attachment

Most samples underwent Treatment #4 (Sect. 2.2); some of

these were left uncoated (control group #1), while the

others were coated with HAp (Sect. 2.3). Treatment #1

(Sect. 2.1) was applied on control group #2, which was

also left uncoated. Three samples for each contact angle

were analyzed.

Osteoblast progenitors were isolated from the femora

of rats (type Sprague–Dawley) that had been killed. The

animal protocols were approved by the Institutional
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Animal Care and Use Committee (IACUC) of the Sackler

Faculty of Medicine at Tel-Aviv University. Bone marrow

was extracted from the femur, and cells were cultured in

flasks for 48 h in a basic medium. This medium contained

the minimum essential medium eagle, alpha modification

(MEM-Alpha), 13% FCS antibiotics (penicillin, strepto-

mycin and nystatin), L-glutamine, sodium pyruvate, non-

essential amino acids, and ribonuclease. The cells of

interest were those that adhered to the surface of the flask;

the rest were removed by rinsing with phosphate-buffered

saline (PBS). This procedure was repeated 4–5 times, until

no floating cells were apparent under the microscope. The

adherent cells were detached using 5-ml of trypsin

(0.25%)–EDTA solution (1:2000) for 7–10 min. Then, the

trypsin was neutralized with an equal amount of medium

(5 ml), and cells were centrifuged for 7 min at 20�C. The

liquid was removed by suction, leaving only the cells at the

bottom of the test tube. The desired volume (1 ml) of

medium was added and vortexed. The cells were counted

using a counting chamber (hemocytometer), and were

further diluted to the desired concentration.

The samples were sterilized in Isopropanol. Isopropanol

diluted in water (60–90 vol/o), with or without ethanol, has

been widely used as a disinfectant [27, 28]. Preliminary

tests showed that the sterilization process was efficient

against both aerobic and anaerobic bacteria. The sterilized

samples were seeded with 150 ll of the cell solution while

verifying that the liquid was evenly spread. The number of

cells seeded on each sample was 15,000. They were

incubated for 4 days at 37�C in a 5% CO2 humidified

environment. Fixation was performed with 3% Formalde-

hyde for 1.5 h. Staining was established by soaking the

samples in 0.01 g l-1 BisBenzimide Hoechst 33342 tri-

hydrochlorate solution for 5 min. As a control, cells were

also seeded on a plastic dish and stained in a crystal violet

(non-fluorescent) dye for further light microscopy analysis.

The cells were imaged and counted using an Olympus

IX-71 light microscope equipped with an excitation filter

BP 340-380 (U-MWU2 fluorescence filter cube, wide-band

UV) and an AnalySIS Docu image analysis software. Cells

tend to attract one another, and often form agglomerates.

Hence, it was often difficult to discriminate between dif-

ferent cells because their fluorescent glow overlapped.

Moreover, due to the background glow, dots of stain could

sometimes be mistakenly considered as cells. Another

complication was the tendency of the cells to spread dif-

ferently on differently treated surfaces. Consequently, dif-

ferent thresholds were required for different samples. In

order to overcome these difficulties, a dedicated MATLAB

program was written in the framework of this work. Its

principle is demonstrated in Fig. 1. First, the raw image

was acquired (Fig. 1a). In the second step, this image was

binarized (Fig. 1b). In the third step, the features observed

in Fig. 1b were colored based on the set threshold (500

pixels in this example)—Fig. 1c. In the fourth step, the

number (intensity) of counted stains was calculated and

presented versus the area (in pixels) of each stain (Fig. 1d).

In Fig. 1d, four stains are indicated altogether, two for each

of the two size bars. As the size of the scale bar in Fig. 1c

is known (1600 pixels), it can be omitted from Fig. 1d.

Thus, we are left with two stains of 800 pixels each, and

one stain of 1600 pixels. Now, as it was established that the

size of a nucleus of a single cell is *800 pixels, it can be

concluded that only four cells actually reside in this field of

view. It is evident that such a conclusion would not be easy

to make based on Fig. 1a along, i.e. without applying the

counting program.

2.9 Attachment of S. aureus

Four types of samples were evaluated: uncoated with

Treatment #1 (Sect. 2.1), as-deposited with HAp (Treat-

ment #4, contact angle &0�), deposited with HAp (Treat-

ment #4) and post-treated to 45�, deposited with HAp

(Treatment #4) and post-treated to 105�. The fluid used for

dilution in the bacteria treatment was DI water sterilized in

autoclave at 120�C. Sterilized Eppendorf centrifugation

tubes (Axygen) were placed in three rows, each holding

nine tubes. Next, 1 ml of water was poured into each tube,

which was subsequently closed. The bacteria were seeded

on a plate with Lysogeny broth (DifcoTM LB Broth,

Lennox, BD, NJ) solidified with 2% agar. After overnight

incubation, the bacteria were scratched from the plate and

placed in a beaker containing 2 ml LB, and left on a shaker

overnight. The bacteria reach stationary phase with a

density of roughly 109 colony forming units (CFU) per ml.

First, a test was designed to determine how long the bac-

teria medium should be left on the samples. Five samples

were used, each one being exposed to the medium for a

different time period. A time period of 3 min was found

optimal, allowing to easily distinguish between colonies

and to count them accurately. Next, a drop of 100 ll

solution with a concentration of 109 CFU ml-1 was placed

with a pipette on the sample for 3 min. The sample was

moved to a different plate and washed gently with 10 ml of

DI water in order to remove non-adherent bacteria. The

sample was then moved to a well and washed more

aggressively (10 times suction followed by dispensing)

with 1 ml of water. This step was aimed to remove the

adhered bacteria and enable their count. Then, 100 ll of the

solution was placed in the pre-prepared Eppendorf tube and

stirred (1st dilution). A second dilution was carried out, in

which 100 ll of the solution in the first Eppendorf tube was

diluted into the second tube and stirred. The last dilution

was done similarly, into the third tube. Drops with a vol-

ume of 15 ll from each Eppendorf tube (each level of
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dilution) were dropped on plates with LB agar. The plates

were placed at 37�C in dry incubation overnight. The

colonies that grew on the plates were counted after 24 h.

This count relied on the assumption that the source of each

colony was a single bacterium. It should be noted that due

to the rough and porous surface of the electrochemically

deposited HAp, some bacteria might remain attach to the

surface and not be affected by washing.

2.10 Statistical analysis

The significance of the difference between different groups

(pre-treatments) with respect to adhesion strength was

determined by ANOVA statistical test using SPSS soft-

ware. Post-hoc Tukey test was also conducted, for multiple

comparisons.

When analyzing the data of osteoblast progenitor

attachment, the cell distribution cannot be assumed normal.

The osteoblast progenitors have a strong affinity to one

another, and edge effects are apparent. This causes an

uneven picture, where some fields of view have very high

cell density while others are empty from cells. Hence,

several approaches were examined to handle this problem

without distorting the true trends. The first approach was to

apply one of two data transformations—ln and square

root—and to analyze the transformed data by ANOVA test.

Another approach was to use the non-parametric Kruskal–

Wallis test within ANOVA, which does not assume a

normal distribution of the population. Multiple comparison

tests were run using the Mann–Whitney test for each

combination of pairs. The Bonferroni correction was

applied, with a = 0.005. Another approach was evaluated,

where only the six fields of view with the highest cell

density were counted for each group. The last approach

was to apply the Kruskal–Wallis tests to the six fields with

the highest cell density.

3 Results

3.1 The chemical composition and microstructure

of the electrodeposited HAp coating

In this section, we focus on Treatment #4 which resulted in

the highest adhesion strength (Sect. 3.2) and attractive

performance in vivo [9].

A survey XPS spectrum (0–1400 eV) revealed only the

presence of Ca, P, O and C at the surface of the coated

Fig. 1 The principle of operation of the MATLAB program devel-

oped in this work for counting stained cells in light microscope

images. a The raw image is acquired, b The binarized form of a,

c Features in b are colored based on a set threshold (500 pixels),

d The number (intensity) of stains is drawn versus their area (in

pixels). Altogether, four stains are evident, two for each of the two

size bars. These stains include one stain related the scale bar in c, the

size of which is known (1600 pixels). Thus, we are left with two

‘‘true’’ stains of 800 pixels each, and one stain of 1600 pixels. The

size of the nucleus of a single cell is also known (*800 pixels). Thus,

d indicates that four osteoblast progenitors are actually present in

a (2 counts of 800 pixels and 1 count of 1600 pixels that represents

two osteoblast progenitors)

J Mater Sci: Mater Med (2011) 22:1741–1752 1745

123



sample. High-resolution XPS measurements yielded the

chemical composition shown in Table 1. The C(1s) struc-

ture indicated the presence of carbonate-type carbon

(binding energy *289.3 eV), an impurity that is often

incorporated in synthetic calcium phosphates due to the

presence of CO2 in the air or in solution. The presence of

carbonate required adjustments like those made by Lu et al.

[19]. Both the measured and adjusted Ca/P and O/Ca ratios

are thus included in Table 1. The integrated intensity (i.e.

peak area) of the oxygen shake-up peaks (i.e. oxygen loss

spectrum) was also analyzed, following the procedure

described elsewhere in detail [2]. The oxygen loss spec-

trum is closely related to different functional groups such

as O–H and P=O. The values of the integrated intensity of

O(1s)II normalized by the total intensity O(1s)total are given

in Table 1, after correction related to the presence of

carbonate.

A representative XRD pattern (Sample #1) is shown

in Fig. 2. Phase identification was made with respect to

JCPDS files 09-0432 (HAp), 21-1276 (TiO2), 10-0173

(Al2O3) and 44-1294 (Ti). Among the different possible

calcium phosphate phases, only HAp is evident. The

measured unit cell parameters, a = 9.423 Å and c = 6.878

Å, were similar to those reported in card 09-0432 for

powder HAp (a = 9.418 Å, c = 6.884 Å). The strongest

HAp reflection at *26� is (002), thus representing pre-

ferred orientation [5]. Reflections related to Ti, Al2O3 and

TiO2 are also evident.

ESEM images revealed that the HAp coating on NaOH

pre-treated samples consisted of prismatic hexagonal bars

arranged in aggregates, similar to those reported in Ref.

[7], but with a smaller diameter of approximately 100 nm.

EDS analysis gave average Ca/P ratios of 1.72 and 1.71 in

Sample #1 and Sample #2, respectively. EDS revealed also

Al and Ti, in accordance with the XRD data.

3.2 The coating/substrate adhesion strength

The tensile stress to failure of each type of pre-treated

samples is displayed in Fig. 3. The NaOH pre-treatment

(Treatment #4) resulted in the highest failure stress.

ANOVA test showed that the difference between the

groups was statistically significant (P = 0.041). Post-hoc

Tukey test revealed that Treatment #1 and Treatment #4

were statistically different (P = 0.031), while all other

comparisons were not (P [ 0.05).

Table 1 Chemical composition (at.%) of the CP-Ti sample pre-treated with NaOH (Treatment #4 in Sect. 2.2) and electrodeposited with HAp,

as determined by high-resolution XPS scans

Sample #1 Sample #2 Octacalcium phosphate (OCP) HAp

O 53.52 53.59

Ca 17.40 17.99

P 13.81 13.12

C 15.27 15.30

Ca/P,

measured

1.26 1.37 Theoretical: 1.33, Ref. [19]:

1.24 ± 0.09

Theoretical: 1.67, Ref. [19]:

1.46 ± 0.09

Ca/P,

adjusted

1.23 1.33

O/Ca,

measured

3.08 2.98 Theoretical: 3.625, Ref. [19]:

3.40 ± 0.20

Theoretical: 2.60, Ref. [19]:

2.74 ± 0.03

O/Ca,

adjusted

3.03 2.93

O(1s)II/

O(1s)total

Measured: 0.060, adjusted:

0.064

Measured: 0.066, adjusted:

0.071

Ref. [19]: 0.053 ± 0.004 Ref. [19]: 0.066 ± 0.003

Fig. 2 XRD pattern from Sample #1. CP-Ti was pre-treated, first

mechanically and then chemically with NaOH, and was subsequently

electrodeposited with calcium phosphate
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ESEM-EDS analysis was used to determine the locus of

failure. Both parts of the specimen assembly were ana-

lyzed. In EDS analysis, Ca and P reflected the presence of

HAp on the surface, C and Si were considered as indicators

of the presence of glue at the surface, and Ti was consid-

ered as an indicator of the titanium substrate. In some of

the grit-blasted samples, traces of Al were also found. In all

groups, a mixed mode of failure was observed. Figure 4

shows selected ESEM images of the fractures. In the case

of Treatment #1, one sample exhibited a region of failure

between the glue and the uncoated part, while the other two

samples exhibited regions of failure between the glue and

the uncoated part, failure between the glue and the coated

part, and failure within the glue. In the case of Treatment

#2, all three samples exhibited regions of failure between

the glue and the uncoated part, failure between the glue and

the coated part, failure within the glue, and failure within

the coating (cohesive failure). Two of these samples

exhibited also a region of failure between the coating and

the metal substrate (adhesive failure). In the case of

Treatment #3, all three samples exhibited regions of failure

within the glue and within the coating. One of these sam-

ples exhibited also a region of adhesive failure, while

another sample exhibited five failure regions—including

also between the glue and the coated part and between the

glue and the uncoated part. In the case of Treatment #4,

neither adhesive failure nor failure between the glue and

the uncoated part was identified. Instead, all three samples

failed within the glue layer, one of them also between the

glue and the coated part, and another one revealed also a

region of cohesive failure. In the case of Treatment #5, the

coating started to peel-off in two of the three samples

during ultrasonic cleaning prior to the gluing, thus repre-

senting poor adhesion strength and resulting in a

high standard deviation in the values of stress to failure.

All three samples exhibited cohesive failure, one sample

showed also failure within the glue layer, another sample

showed also failure within the glue layer as well as adhe-

sive failure, and the third sample showed also adhesive

failure, failure between the glue and the uncoated part and

failure between the glue and the coated part.

3.3 Osteoblast progenitor attachment

The results of osteoblast progenitor attachment are sum-

marized in Fig. 5. Figure 5a–d shows microscope images

illustrating the effect of some of the treatments, whereas

Fig. 5e summarizes the cell-count data. It seems that there

may be some preference for osteoblast progenitor attach-

ment on surfaces with contact angle h = 30� or 90�, but

this does not seem to be statistically significant. The groups

were found significantly different after square-root trans-

formation (P = 0.049), but not significantly different after

ln transformation (P = 0.120). The Kruskal–Wallis test

indicated a significant difference between groups

(P = 0.048). The Mann–Whitney test with Bonferroni

correction indicated that only two pairs were significantly

different—the as-deposited HAp coating was found dif-

ferent from HAp post-treated to 30� (P = 0.004), and the

HAp post-treated to 30� was found different from the HAp

post-treated to 75� (P = 0.002). Because the fields of view

for cell counting were selected blind, some fields had very

high cell density while others were empty of cells.

ANOVA analysis of the six fields of view per group with

the highest cell density indicated significant difference

among groups (P = 0.002); the post-hoc Tukey test

showed that the groups were not significantly different.

Kruskal–Wallis analysis of the six fields with the highest

cell density yielded P = 0.001. Multiple comparisons by

means of the Mann–Whitney test with the Bonferroni

correction now showed significant difference between six

pairs: as-deposited HAp versus HAp post-treated to 30�
(P = 0.000), as-deposited HAp versus uncoated sample

with Treatment #1 (P = 0.003), as-deposited HAp versus

uncoated sample with Treatment #4 (P = 0.001), HAp

post-treated to 15� versus HAp post-treated to 30� (P =

0.003), HAp post-treated to 30� versus HAp post-treated to

75� (P = 0.001), and HAp post-treated to 75� versus

uncoated sample with Treatment #4 (P = 0.004).

3.4 Attachment of S. aureus

Test plates after incubation are shown in Fig. 6a, demon-

strating the density of the bacteria in two dilutions. The

absolute number of bacteria colonies in each dilution was

counted, and the results (in CFU) of at least two sets per

each of four different surfaces are shown in Fig. 6b. It is

apparent that the least amount of bacteria was attached to

Fig. 3 The tensile stress to failure of HAp-coated samples with

different pre-treatments during adhesion test. The data is presented in

terms of mean ? standard error of the mean (n = 3)
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uncoated control samples with Treatment #1. The HAp

coating post-treated to 105� (hydrophobic) seems to attach

somewhat less bacteria than the as-deposited HAp, which

is highly hydrophilic. Significantly higher amount of bac-

teria were attached to the HAp coating post-treated to 45�.

One-factor ANOVA revealed statistically different group

effect (P = 0.0056). Scheffe post-hoc test revealed sig-

nificant differences only between the group post-treated to

45� and the other groups (P \ 0.05), while all other com-

parisons were not statistically significant.

Fig. 4 ESEM images demonstrating various regions on the fracture

surface of the coated part of the assembly: a Treatment #1, a sample

demonstrating failure between the glue and the coated part as well as

failure within the glue layer; b Treatment #2, a sample demonstrating

adhesive and cohesive failure modes as well as failure within the glue

layer and failure between the glue and the coated part; c Treatment

#3, a sample demonstrating cohesive failure mode as well as failure

within the glue layer; d Treatment #4, a sample demonstrating failure

within the glue layer and failure between the glue and the coated part;

e Treatment #5, a sample demonstrating adhesive and cohesive failure

modes as well as failure within the glue layer
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4 Discussion

4.1 The phase content of the electrodeposited HAp

coating

The chemical composition and phase content of the coating

were determined by high-resolution XPS combined with

advanced analysis of the oxygen shake-up (satellite) peaks.

Both the as-measured and the adjusted values of Ca/P,

O/Ca and O(1s)II/O(1s)total are listed in Table 1 and com-

pared to the theoretical values as well as to the values

reported by Lu et al. [19]. The two phases of interest are

HAp and OCP; the latter has been found to be a precursor

phase in our previous publications [2, 9]. Based on Table 1,

the coating may consist of HAp, OCP and/or tricalcium

phosphate (TCP). However, XRD revealed only HAp, with

a preferred (002) orientation (see Fig. 2). EDS analysis also

gave Ca/P ratios that meet the FDA requirement for a Ca/P

ratio of at least 1.67 in HAp coatings [28].

XRD revealed also Ti, TiO2 and Al2O3 phases (Fig. 2).

The presence of Ti and Al was also found by EDS. The

appearance of Ti indicates that the coating is either thin or

porous. The strongest reflection of Ti in Fig. 2 is at *40�,

and represents a (101) orientation. Hence, no heteroepitaxial

growth of HAp can be claimed, in contrast to our previous

publications [1, 5, 7]. This difference may be attributed to the

different pre-treatments, in particularly the use of grit blast in

the present work. The TiO2 reflections may represent either

the native oxide on Ti or the product of surface pre-treatment.

The alumina reflections are probably related to residues of

alumina powder used in the grit blast process.

4.2 The effect of surface pre-treatments on the strength

of adhesion of electrochemically deposited HAp

to titanium

Figure 3 shows the effect of different mechanical and

chemical surface pre-treatments on the strength of adhesion

Fig. 5 Fluorescent microscope images of osteoblast progenitors

derived from rats on different surfaces: a As-deposited HAp

(h * 0�), b HAp post-treated to h = 45�, c HAp post-treated to

h = 75�, and d uncoated control sample (Treatment #1). All coated

samples underwent Treatment #4. The cell counts are presented in e in

terms of mean ? standard error of the mean (n = 3)

Fig. 6 a Bacterial attachment

test plates. Each dot in each

circle represents a colony,

which is assumed to have

originated from a single

bacterium. b Bacteria counts

(CFU) on four different surfaces

(mean ? standard error of the

mean). All coated samples

underwent Treatment #4
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under tension of the HAp coating to the CP-Ti substrate. It

demonstrates how a series of pre-treatments gradually

increased the adhesion strength, from Treatment #1 where

only grinding to P1000 was applied, to Treatment #4 where

grinding to P1000 was followed by etching in HNO3/HF

solution, grit blast, soaking in NaOH and subsequent heat

treatment. Treatment #4 is the only pre-treatment that

provides sufficiently high adhesion strength to satisfy the

requirements of international standards (see Sect. 2.7). The

microscopic evaluation of the locus of failure (Fig. 4)

showed that following Treatment #4, no separation occur-

red at the interface between the coating and the metal

substrate even at the failure stress. This trend is supported

by unpublished data by Eliaz and Kopelovitch, where the

adhesion strength of the coating was measured under shear

stress after different surface pre-treatments. In that study,

the average stress to failure was the lowest for P1000

ground CP-Ti (7.3 MPa), higher for P1000 and HF/HNO3

pretreated samples (13.7 MPa), and even higher for P1000,

HF/HNO3 and grit-blasted samples (20.7 MPa). When

soaking in NaOH was added on top of the last treatment,

the acrylic holder failed.

It has been reported that two types of factors may affect

the results of the adhesion test. The first type is the intrinsic

quality of the coating, which is expressed in terms of the

energy required to break chemical bonds. The second type

is extrinsic, e.g. mechanical components [29]. The relative

smoothness of the sample ground to P1000 may be

responsible for the glue not attaching strongly to the

uncoated part of the specimen assembly. In contrast, both

chemical etching in HF/HNO3 and grit blast led to a

rougher surface, thereby increasing the surface area on

which the coating is formed. In the case of the NaOH pre-

treatment, the glue failed before the coating. Hence, the

actual adhesion strength of the HAp coating is even higher

than the value shown in Fig. 3. There seems to be a cor-

relation between the surface roughness and the stress to

failure—as the former is increased, the latter increases to.

This finding is supported by the work of de Senna et al.

[30], who evaluated the effect of different surface finishes

on the adhesion of electrophoretically deposited HAp on

Ti. The NaOH pre-treatment provides higher adhesion

strength than the H2O2 pre-treatment. The former treatment

has been found to significantly increase the bond strength

of bone to uncoated titanium rods in rabbit femora [31]. An

in vivo study [9] has recently demonstrated enhanced

osseointegration of electrochemically deposited HAp on

Ti–6Al–4V alloy due to a pre-treatment consisted of

soaking in NaOH without subsequent heat treatment.

In addition, that coating exhibited reduced occurrence

of delamination compared to the commercial plasma-

sprayed HAp coating. Taking into account also the higher

osteoblastic cell density that has been measured on HAp

following NaOH pre-treatment [7], this treatment seems

most attractive for orthopedic and dental implants.

4.3 The attachment of bone-forming cells

The effect of different surface pre- and post-treatments on

the attachment of osteoblast progenitors was demonstrated

in Sect. 3.3. A dedicated MATLAB program was devel-

oped for counting stained cells in the fluorescent micro-

scope images (Sect. 2.8). The surface energy of implants

significantly influences tissue response. Baier et al. studied

the effect of surface energy on the biological response to

tantalum [32], germanium and Co–Cr–Mo [33] implants.

High surface energy (hydrophilic) implants were associated

with an enhanced fibroblast cell response. Aronov et al.

[34] have tuned the wettability of HAp (10� \ h\ 100�)

by means of the same post-treatment used in the present

work and found that DNA tended to bind to surfaces with

h\ 50�. In contrast, bovine serum albumin (BSA) protein,

which contains hydrophobic domains, bound preferentially

to surfaces with h[ 50�. The surface energy has also been

shown to affect the bone cell maturation and differentiation

[35] and the osseointegration [36]. Eriksson et al. [37]

found that the cellular reaction was different for hydro-

philic and hydrophobic implants, especially in the initial

stages of wound healing. Surfaces with a higher surface

energy showed more rapid cell activation and differentia-

tion than those with lower surface energy.

In the present study, osteoblast progenitors seemed to

attach preferentially to HAp post-treated to h = 30� or 90�,

although this tendency was not statistically significant. A

preferential attachment to HAp surface post-treated to 30�
was observed when MBA-15 osteogenic cell line was used

instead of osteoblast progenitors derived from rats

(unpublished data). The adhesion and proliferation of

osteoblasts have been correlated with substratum wetta-

bility, the cells exhibiting a strong preference for hydro-

philic substrata [38]. Such a preference has recently been

supported by Eliaz et al. [7]. It should be borne in mind,

however, that when relating the relative biological inter-

action with surface energy, there may be an optimal bio-

compatibility zone with respect to the critical surface

tension (or surface free energy) [39]. Thus, the present

study should be extended, analyzing a significantly higher

number of samples per contact angle. It should be noted

that the conversion of contact angles to surface energies is

not straightforward in the case of porous surfaces, like the

HAp coatings studied in this work. In this case, models

such as those proposed by Wenzel and by Cassie and

Baxter must be considered [40–42].
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4.4 The attachment of S. aureus

The results presented in Fig. 6 and in Sect. 3.4 indicate that

less bacteria were attached to the uncoated samples as

compared to the HAp-coated samples, and that among the

coated samples—those post-treated to h = 105� attached

less bacteria than those without post-treatment, and sig-

nificantly less bacteria than those post-treated to h = 45�.

Vogely et al. [43] performed an in vivo study and found

that more S. aureus bacteria attached to HAp-coated

Ti–6Al–4V implants than to uncoated implants following

four-week implantation, no matter the level of contami-

nation prior to implantation was. Rosenman and Aronov

[44] applied on HAp the same post-treatment as that used

in the present study and investigated the adhesion of three

types of bacteria: Escherichia coli, Pseudomonas putida,

and Bacillus subtilis. It was found that while Escherichia

coli adhered to surfaces with h = 30�, it made an inter-

mediate reaction with surfaces with either h = 20� or

h = 40�, and no reaction with surfaces with h = 60�, 80�
or 100�. In contrast, Pseudomonas putida adhered to sur-

faces with h = 80� and made an intermediate reaction with

surfaces with h = 100�, and no reaction with surfaces with

h = 20�, 30�, 40�, or 60�. Bacillus subtilis adhered to

surfaces with h = 100� and made an intermediate reaction

with surfaces with h = 80�, and no reaction with surfaces

with h = 20�, 30�, 40�, or 60�. Thus, it seems that the low-

energy electron irradiation post-treatment has the potential

of tailoring HAp-coated surfaces to resist infection by

specific types of bacteria.

In the present study it was found difficult to detach the

bacteria from the pores of the HAp coating. Based on our

results, it might not be possible to tailor a HAp surface with

maximal osteoblast cell attachment and minimal S. aureus

bacteria attachment, just by tuning the contact angle (sur-

face energy), because while the first condition may require

a hydrophilic surface, the second condition seems to

require a hydrophobic surface. However, this conclusion

should be verified further by monitoring the effect of

additional contact angles and increasing the number of

samples per contact angle. For example, based on Fig. 5,

post-treatment to h = 90� may eventually be found as a

reasonable compromise between the two conditions.

5 Conclusions

In this research, the effect of different mechanical and

chemical pre-treatments on the strength of adhesion under

tension of electrochemically deposited HAp coating to

CP-Ti substrate was studied. In addition, the effects of

either pre-treatments or a post-treatment by low-energy

electron irradiation, which changes the wettability of the

surface, on both osteoblast progenitor attachment and

S. aureus bacteria attachment were investigated. The fol-

lowing conclusions were drawn:

(1) A series of surface treatments, consisted of grinding

down to P1000, etching in HNO3/HF solution, grit

blast, soaking in NaOH and subsequent heat treat-

ment, provided the highest adhesion strength to the

HAp coating. The stress to failure increased as the

surface roughness of the substrate was increased by

pre-treatments. The NaOH treatment was found to be

better than the H2O2 treatment and seems most

attractive for orthopedic and dental applications.

(2) Osteoblast progenitors may be attached preferentially

to HAp post-treated to h = 30� (hydrophilic surface),

although this tendency was not statistically signifi-

cant, e.g. in comparison to post-treatment to h = 90�.

On the other hand, S. aureus bacteria seemed to be

less attached to hydrophobic surfaces (HAp post-

treated to h = 105�). Thus, it might not be possible to

tailor a HAp surface with maximal osteoblast cell

attachment and minimal S. aureus bacteria attach-

ment, at the same time, just by tuning the surface

energy. Less bacteria were attached to the smoother,

uncoated surfaces.
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