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Abstract The bone ingrowth potential of biomimetic

hydroxyapatite and brushite coatings applied on porous

E-beam structure was examined in goats and compared to a

similar uncoated porous structure and a conventional tita-

nium plasma spray coating. Specimens were implanted in

the iliac crest of goats for a period of 3 (4 goats) or

15 weeks (8 goats). Mechanical implant fixation generated

by bone ingrowth was analyzed by a push out test. Histo-

morphometry was performed to assess the bone ingrowth

depth and bone implant contact. The uncoated and

hydroxyapatite-coated cubic structure had significantly

higher mechanical strength at the interface compared to the

Ti plasma spray coating at 15 weeks of implantation. Bone

ingrowth depth was significantly larger for the hydroxy-

apatite- and brushite-coated structures compared to the

uncoated structure. In conclusion, the porous E-beam sur-

face structure showed higher bone ingrowth potential

compared to a conventional implant surface after 15 weeks

of implantation. Addition of a calcium phosphate coating

to the E-beam structure enhanced bone ingrowth signifi-

cantly. Furthermore, the calcium phosphate coating

appears to work as an accelerator for bone ingrowth.

1 Introduction

Total hip arthroplasty is one of the most successful medical

procedures. However, 5 to 10% of the cementless implants

still fail within 10 years of implantation [1, 2]. The fre-

quency of failure is likely to increase due to the implan-

tation in younger and more active patients [3]. The long

term success of cementless orthopaedic implants depends

on biological fixation by new bone formation [4–6]. Sur-

face topography (e.g. pore size, porosity) and coating

influence the process of bone ingrowth and by that the

fixation in the critical postoperative period. It is evident

that the size of the pores affects bone ingrowth, although

there is still debate about the optimum pore size [7–9].

A minimum pore diameter of 100 lm is needed to allow

vascularisation and bone ingrowth [10]. The maximum

pore size has yet to be determined. It has been shown that

enhanced fixation strength can be obtained by increasing

the porosity of an implant up to 75–80% [11]. However,

full bone ingrowth takes more time in implants with

increased porosity, whereas fast bone formation permits

more rapid loading of the implant [12].

Electron beam melting is a rapid prototyping technology

that can be used to produce implants with computer

designed surface characteristics. The implant is build up

out of metal powder to reproduce a geometry defined by a

three-dimensional CAD model. The technique enables for

production of the solid core and the porous surface in one

manufacturing step, with the capability to engineer a large

variety of complex three-dimensional structures as implant

surface [13–15]. Ponader et al. [16] showed that osteo-

blastic cells attach, proliferate and differentiate well on

new developed E-beam produced surface structures. Pre-

vious work of our group showed that the bone ingrowth

potential of these porous E-beam surface topographies was
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comparable to a clinical used, conventionally made sur-

face. However, as can be expected for a highly porous

surface, complete bone ingrowth was not reached in a post

operative period of 6 weeks [17].

Calciumphosphate (CaP) coatings have been success-

fully applied on orthopedic and dental implants [18–21].

Stimulation of new bone formation around CaP coated

implants is based on dissolution of the coating soon after

implantation followed by formation of a bone-inductive

carbonated calcium phosphate layer [20]. The biological

advantages of these coatings include the enhancement of

bone formation and accelerated bonding between the

implant surface and the surrounding bone [20, 22, 23].

Calcium phosphate coatings can be applied on porous

implant surfaces in order to enhance the bone ingrowth

potential [21, 22]. Furthermore, the acceleration of bone

ingrowth that can be achieved by these coatings could be

beneficial regarding to shortening the post-operative partial

weight-bearing and rehabilitation periods [18].

Although the calciumphosphate coatings are applied

successfully on implant surfaces, current direct coating

techniques failed to mineralize on the deep surfaces of

complex three-dimensional structures [24]. Biomimetic

coating deposition is a relatively new coating technique

with the possibility to produce a homogeneous coating on

these complex three-dimensional structures. The coating is

deposited under physiological temperatures, which makes

it possible to incorporate functional biological agents, such

as growth factors, in the coating. In addition, the CaP ratio

and coating thickness can be varied, and the structure of the

formed crystals is more akin to bone mineral than those

produced in conventional ways [18, 24].

For this study a porous E-beam structure was combined

with two biomimetic CaP coatings. It was hypothesized

that these CaP coated E-beam structures would provide for

accelerated and enhanced bone ingrowth. Therefore the

goal of this study was to characterize the materials in detail

and to assess the mechanical strength of the bone-implant

interface and the bone ingrowth potential of a porous

E-beam implant surface structure coated with a hydroxy-

apatite and brushite calciumphosphate coating and to

compare this to an uncoated E-beam structure and a con-

ventionally made implant surface.

2 Materials and methods

2.1 Specimens

The implants were made out of Ti6Al4V powder and

produced with E-beam technology (Eurocoating, Trento,

Italy). The powder particles used ranged from 45 to

100 lm and were melted by the electron beam into the

desired shapes based on CAD data. In short, a homoge-

neous powder layer was applied on the process platform in

a vacuum chamber at high temperature (±700�C) and

scanned by the electron beam. The powder particles were

melted at the programmed locations. The process platform

was lowered by one layer thickness (0.1 mm) after the

melting of each layer and the process was repeated [13,

25]. Upon completion, all specimens were sandblasted and

cleaned according to protocols for medical implants. The

overall accuracy of the E-beam technology in terms of

computer model reconstruction is ±0.15 mm.

A three-dimensional structure with quadrangular pores

(cubic) was used as surface topography for all E-beam

specimens. The cubic structure has a pore size of 1.2 mm

and a porosity of 77%. The structure was applied on two

opposite sides of the specimens, the other two sides were

closed. The adhesive strength (test described in ASTM

F1147) of the E-beam specimens was [50 MPa and the

taber abrasion test (as described in ASTM F1978) showed a

weight loss after 100 cycles of 27.78 ± 4.51 mg. One

group of cubic specimens was left uncoated (cubic), two

were coated afterwards with CaP coatings. As a control, a

commercially available titanium plasma spray coating

(TiPS) was tested [26] (Fig. 1).

2.2 Coatings

A biomimetic coating was applied on two groups of cubic

E-beam specimens. In the biomimetic coating process, a

bioactive coating was produced using an electrodeposition

system. A calciumphosphate layer was formed on the

metallic specimen after immersion in an artificially pre-

pared supersaturated calcium/phosphate electrochemical

solution (Eurocoating, Trento, Italy) [19]. The brushite

coating obtained with this method, has a high solubility.

With a two-step procedure, this high soluble coating can be

modified to a hydroxyapatite coating [27].

One group of cubic E-beam specimens was coated with

a biomimetic brushite coating (cubicBR). The other group

was coated with biomimetic hydroxyapatite (cubicHA).

2.3 Material characterization

2.3.1 Scanning electron microscopy (SEM)

The surface morphology and coating thickness were

examined by scanning electron microscopy (SEM,

SEM6310, Jeol, Tokyo, Japan). The SEM was coupled

with an energy dispersive X-ray spectroscopy (EDS, JSM-

5500, Jeol, Tokyo, Japan) which was used to determine the

elemental composition of the biomimetic coatings.
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2.3.2 Roughness

Surface roughness values of the specimens were deter-

mined using a Universal Surface Tester (UST) (Innowep,

Wurzburg, Germany).

2.3.3 In vitro coating dissolution

The dissolution behavior of the hydroxyapatite and

brushite coating was evaluated in vitro. For each group ten

samples (cylindrical, 25 mm height, Ø 10 mm) were tested

in pH 5.5 (n = 5) and in pH 7.3 (n = 5). The specimens

were positioned in polyethylene bottles filled with 250 ml

buffer solution [28] with a pH of 5.5 and 7.3, using con-

tinuous stirring (200 ± 10 rpm) for 21 days. The bottles

were kept at 37.0 ± 0.1�C under nitrogen atmosphere. The

pH, Ca and P content were determined daily by drawing

0.5 ml aliquot of each solution. 0.5 ml buffer solution was

then added to the bottles to compensate the sampling. The

supernatant aliquots were then diluted to be analyzed by

inductively coupled plasma atomic emission spectrometry

(ICP-AES 76004527, Spectro analytical instruments,

Kleve, Germany).

2.4 Animal experiment

Surgery was performed on 12 female, skeletal mature goats

(Capra Hircus Sana), weighing 43–62 kg (mean 55 kg).

The specimens (4 9 4 9 10 mm) were implanted in the

trabecular bone of the iliac crest [29]. Each goat received

eight specimens in total (one set of four specimens for the

push out test and one set for histology). The location of the

implants was alternated systematically between goats with

a random start.

The goats were anaesthetized with propofol (4 mg/kg

B.Brown, Melsungen, Germany), intubated and anesthesia

was maintained using isoflurane. The goats were placed in

a prone position and the implantation procedure was per-

formed under strict sterile conditions. A transverse skin

incision was made over the iliac crest. The incision was

continued subcutaneously to the periosteum. The perios-

teum was opened, after which the iliac crest was fully

exposed. Four implant areas were created in the iliac crest

using a sharp drill (Ø 4.0 mm). Saline was used during the

drilling to prevent heat induced necrosis. A quadrangular

osteotome (4 9 4 mm) was used to shape the drilled hole

to the size of the specimen. The implantation area was

Fig. 1 Surfaces. Cubic

structure (top) and TiPS

(bottom). Bar = 2 mm
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inspected to guarantee the specimen was completely sur-

rounded by trabecular bone. The specimens were inserted

press-fit into the holes and the periosteum and skin were

closed separately with resorbable sutures. This procedure

was repeated on the contralateral side.

The goats received postoperative ampicillin (7.5 mg/kg

Intervet, Boxmeer, The Netherlands) during 4 days and

were housed at a farm. The goats were killed by an over-

dose of sodium pentobarbital (Euthesate, Ceva Santa

Animale, Libourne, France). Four goats were sacrificed

3 weeks after surgery, eight goats 15 weeks after surgery.

After sacrificing the animals, the iliac crests were retrieved.

The goats that were sacrificed 15 weeks after surgery

received fluorochromes at 5 (Calcein green 25 mg/kg), 10

(Xylenol Orange, 30 mg/kg) and 15 weeks (Tetracyclin

25 mg/kg). After sacrificing contact X-rays (Faxitron

43805N, Hewlett Packard, Palo Alto, California, USA)

were taken of the iliac crests to evaluate the position of the

implants. The two medial implants of each iliac crest were

used for mechanical testing and the two on the lateral side

were used for histological analysis. All procedures have

been approved by the animal ethics committee of the

Radboud University Nijmegen.

2.5 Mechanical testing

The specimens and the surrounding bone were stored in the

freezer until the test was performed. Based on the X-ray

images the surrounding bone was sawed into a cube with

the implant surrounded by bone, the top and bottom of the

specimen free of tissues and the implant exactly perpen-

dicular to the surfaces of top and bottom. Subsequently this

cube was placed in a jig, which supported only the sur-

rounding bone and not the implanted specimen. The

clearance between specimen and support by the jig was

0.7 mm [30]. The load (MTS, load cell 1 kN) was placed

on top of the specimen and pushed the specimen out the

surrounding bone with a fixed speed (1 mm/min) and

continuous load versus displacement data were recorded.

The maximum force was identified in order to define the

mechanical strength of the bone-implant interface.

2.6 Histological analysis

The specimens for histology were fixated in phosphate-

buffered 4% formaldehyde solution for 4 days and

embedded in polymethylacrylate (PMMA). Ten sections of

30 lm thickness, perpendicular to the length of the speci-

men, were prepared using a sawing microtome (SP 1600,

Leitz, Wetzlar, Germany).

Quantitative analysis of bone ingrowth was performed

using fluorescence microscopy on unstained slices and light

microscopy on Hematoxylin/Eosin (HE) stained slices.

Each slice was analyzed blinded in random order using

specialized software (AnalySIS 3.2 Soft Imaging System,

Münster, Germany). For each specimen all ten sections

were analyzed, subsequently the data were pooled.

Bone ingrowth depth was measured at 5, 10 and 15 weeks

using fluorescence microscopy (group sacrificed at

15 weeks). A line was drawn from the outline of the speci-

men to the deepest fluorochrome label (perpendicular to the

outline of the specimen). The ingrowth depth was defined as

the average of this measurement on each side of the speci-

men. Due to the solid structure of the plasma spray coating, it

was impossible to measure bone ingrowth depth for this

control. The direct bone-implant contact (BIC) was deter-

mined by direct bone surface contact divided by the total

surface perimeter of the implant.

2.7 SEM analysis of coating dissolution

The implanted hydroxyapatite and brushite coated speci-

mens and their surrounding bone (after implantation), were

analyzed by SEM for coating dissolution after sawing

sections and polishing the surface of the specimens.

2.8 Statistical analysis

Both mechanical (push-out test) and histological (bone

ingrowth depth and bone-implant contact) datasets were

evaluated non-parametrically, as a normal distribution

could not be assumed. Since each goat received all

implants types (cubic, cubicHA, cubicBR, and TiPs), the

experiment has a paired design with four groups. All

datasets were evaluated with Friedman’s repeated mea-

sures analysis of variance by ranks followed by Wilcoxon’s

signed-rank test. For all datasets, differences between

medians were considered statistically significant for

P B 0.05. Statistical analysis was performed using SPSS

16.0 software (SPSS Inc., Chicago, IL, US).

3 Results

3.1 Surface characterization

The surface morphology before implantation showed the

characteristic appearances of non-coated and HA and

brushite coated cubic specimens (Fig. 2). The coating

thickness of both coatings analyzed by SEM was 15 ±

5 lm. EDS analysis confirmed the presence of hydroxy-

apatite and brushite on the cubicHA and cubicBR surfaces,

respectively (Fig. 3). The roughness measurements showed

an average surface roughness (Ra) of 5.77 lm for the cubic

structure, 4.43 lm for the cubicHA, 5.29 lm for the
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cubicBR and 6.64 lm for the titanium plasma sprayed

surface.

The in vitro coating dissolution analysis showed that the

dissolution behavior presented periods of dissolution and

recrystallization during the in vitro test with predominance

of dissolution. The biomimetic coatings presented disso-

lution immediately after their immersion in pH 5.5. Both

hydroxyapatite and brushite showed almost full dissolution

of the deposited layer within the first days of immersion in

pH 5.5. In pH 7.3 the dissolution process did not start

immediately (Fig. 4). The brushite coating was completely

dissolved after exposure to pH 7.3 at the end of the test, but

HA coated specimens exposed to pH 7.3 showed that the

coating is not completely dissolved after 21 days (Fig. 5).

3.2 Mechanical testing

At 3 weeks after implantation no differences in mechanical

strength of the bone implant interface were found. At

15 weeks the cubic (P = 0.043) and cubicHA structure

(P = 0.043) had significantly higher mechanical strength

at the interface compared to the Ti plasma spray coated

specimens (Fig. 6a).

3.3 Histology (Fig. 7)

The bone ingrowth depth at 5 and 15 weeks after implan-

tation was significantly larger for cubicHA (P = 0.028 and

P = 0.018 respectively) and cubicBR (P = 0.028 and

Fig. 2 Surface characterization. SEM images of the cubic (a), cubicHA (b), cubicBR (c) and TiPS (d) implant surfaces. Bar = 50 lm

Fig. 3 EDS analysis. EDS

analysis confirming the

presence of hydroxyapatite and

brushite on the cubicHA (a) and

cubicBR (b) surfaces
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P = 0.018 respectively) compared to the cubic. At

15 weeks ingrowth depth of cubicBR was significantly

higher than cubicHA (P = 0.043) (Fig. 6b).

With respect to direct bone implant contact no signifi-

cant differences between the four groups of implants were

found (Fig. 6c).

3.4 Coating dissolution

SEM analysis of the embedded hydroxyapatite and brushite

coated specimens and their surrounding bone showed that

the HA coating was still visible in some areas 3 weeks after

implantation. In other areas no HA coating could be

detected. At 15 weeks very little spots with HA coating

were seen as most of the coating was dissolved. With

respect to the brushite coated specimens, no coating could

be found at 3 and 15 weeks.

4 Discussion

Two different CaP coatings were added to E-beam struc-

tures to enhance the bone ingrowth potential in an attempt

to overcome the disadvantage of the prolonged time in

which full bone ingrowth can be reached in highly porous

structures. Although no differences between the coated and

uncoated cubic structure were found for direct bone-

implant contact and mechanical push out strength, addition

of hydroxyapatite or brushite to the E-beam structure

resulted in significantly greater bone ingrowth depth. Thus,

addition of biomimetic CaP coatings appears to enhance

bone ingrowth. With respect to the acceleration of bone

ingrowth, significantly greater ingrowth depth at 5 weeks

suggests the acceleration of bone ingrowth by addition of a

calcium phosphate coating to the porous E-beam structure.

The absence of load in this model is a limitation of this

study. Especially with regard to early bone ingrowth (and

its acceleration) load bearing is an important factor [6, 31].

Fig. 4 Ca and P concentration after immersion. Ca and P concentration after immersion of the specimens in pH 5.5 and 7.3. Periods of

dissolution and recrystallization occur during the in vitro test with predominance of dissolution

Fig. 5 Images of in vitro coating dissolution. Pictures of the

specimens before and after immersion for the in vitro dissolution

test. Both hydroxyapatite and brushite were completely dissolved

after exposure to pH 5.5. After exposure to pH 7.3, the brushite

coating was completely dissolved, but the HA coating was not

completely dissolved at the end of the test. (The remaining CaP

coating on the substrate has a light-opaque colour, Bar = 100 lm)
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Furthermore only one three-dimensional E-beam structure

was tested.

Several groups tested porous structures in combination

with CaP coatings and reported similar findings as the

present study. Bone ingrowth of a porous tantalum struc-

ture with a biomimetic coating was significantly higher for

coated specimens than for uncoated specimens at different

time points [22]. Tsukeoka et al. [21] investigated the

effect of the incorporation of hydroxyapatite into a titanium

fiber mesh and found an increased push-out strength at 3

and 5 weeks, whereas after 8 weeks, no differences

between specimens with and without hydroxyapatite were

found. Porous titanium plugs implanted in a rabbit femur

showed a significant increase in bone ingrowth for HA

coated implants compared to uncoated implants after

6 weeks [19]. Furthermore, the study of Tsukeoka et al.

[21] supports our findings with regard to the speed of bone

ingrowth, that suggests that calcium phosphate coatings

work as an accelerator of bone ingrowth.

Dissolution analysis in vitro and in vivo show that the

brushite coating was completely dissolved after 3 weeks,

whereas only a minority of the hydroxyapatite coating was

present at that time. However, in vivo the effect of the

addition of both CaP coatings was still visible after

15 weeks. This prolonged effect could be explained by

initial osteoblast activation induced by coating degradation

and release of calcium and phosphate ions, that also might

act as a reservoir for new synthesis of HA [32, 33].

The attachment between the biomimetic coating and the

implant might be weaker than the attachment between the

bone and the coating. This can be seen in other calcium

phosphate coatings as well. However, because of the

intended use of this coating on porous, three-dimensional

structures, where the long term fixation will be maintained

by the interlock between bone and implant, this weaker

attachment of the coating to the implant appears to be not a

problem [34]. Part of the coating might chip off during

press-fit implantation due to the weaker attachment

between the coating and the implant. This loss of coating

may not be so disadvantageous because the fragmented

coating will remain in the surroundings of the implant [35].

Three different methods to assess bone ingrowth

potential were used in the present study; a push-out test for

mechanical evaluation of the bone-implant interface and

two methods for histological analysis (bone ingrowth depth

and percentage direct bone implant contact). Both histo-

logical methods have a different focus and it is difficult to

say which one best defines bone ingrowth. Therefore, these

two methods become more valuable when compared with

the results of the push-out test that represents the actual

mechanical strength at the bone-implant interface. In our

study there was less agreement between the BIC mea-

surements and the push out test. One could suggest there-

fore that BIC is not a good method to assess the effect of

bone ingrowth on mechanical strength. This suggestion has

been reported in literature as well [36]. Correlation

between bone ingrowth depth and mechanical strength of

the bone-implant interface is likely to be influenced by the

fact that ingrowth beyond a certain depth does not enhance

the strength of the bone-implant interface, similar as seen

for the cement-bone interface [37].

Fig. 6 Results. Results of mechanical (a) and histological analysis of

bone ingrowth. Histological analysis consisted of bone ingrowth

depth (b) and percentage direct bone implant contact (c). � P =

0.043; * P B 0.05
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In conclusion, the porous E-beam surface structure

showed higher bone ingrowth potential compared to a

conventional titanium plasma spray coating after 15 weeks

of implantation. Based on histology findings, addition of a

biomimetic calcium phosphate coating to the E-beam

structure enhances bone ingrowth significantly. The bio-

mimetic calcium phosphate coating appears to work as an

accelerator of bone ingrowth.
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