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In orthopaedic surgery, cobalt chromium (CoCr) based alloys are used extensively for their high strength
and wear properties, but with concerns over stress shielding and bone resorption due to the high stiffness
of CoCr. The structural stiffness, principally related to the bulk and the elastic modulus of the material,
may be lowered by appropriate design modifications, to reduce the stiffness mismatch between metal/
alloy implants and the adjacent bone. Here, 3D printed CoCr and Ti6Al4V implants of similar macro-
geometry and interconnected open-pore architecture prepared by electron beam melting (EBM) were
evaluated following 26 week implantation in adult sheep femora. Despite higher total bone-implant con-
tact for Ti6Al4V (39 ± 4%) than CoCr (27 ± 4%), bone formation patterns were similar, e.g., densification
around the implant, and gradual ingrowth into the porous network, with more bone in the outer half
(periphery) than the inner half (centre). Raman spectroscopy revealed no major differences in mineral
crystallinity, the apatite-to-collagen ratio, or the carbonate-to-phosphate ratio. Energy dispersive X-ray
spectroscopy showed similar Ca/P ratio of the interfacial tissue adjacent to both materials. Osteocytes
made direct contact with CoCr and Ti6Al4V. While osteocyte density and distribution in the new-
formed bone were largely similar for the two alloys, higher osteocyte density was observed at the periph-
ery of the porous network for CoCr, attributable to slower remodelling and a different biomechanical
environment. The results demonstrate the possibility to achieve bone ingrowth into open-pore CoCr
constructs, and attest to the potential for fabricating customised osseointegrated CoCr implants for
load-bearing applications.

Statement of Significance

Although cobalt chromium (CoCr) based alloys are used extensively in orthopaedic surgery, stress shield-
ing due to the high stiffness of CoCr is of concern. To reduce the stiffness mismatch between CoCr and
bone, CoCr and Ti6Al4V implants having an interconnected open-pore architecture were prepared by
electron beam melting (EBM). After six months of submerged healing in sheep, both alloys showed sim-
ilar patterns of bone formation, with densification around the implant and gradual ingrowth into the por-
ous network. The molecular and elemental composition of the interfacial tissue was similar for both
alloys. Osteocytes made direct contact with both alloys, with similar overall osteocyte density and distri-
bution. The work attests to the potential for achieving osseointegration of EBM manufactured porous
CoCr implants.
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1. Introduction were within the limits of the relevant ASTM standards for medical
Cobalt chromium (CoCr) based alloys are extensively used in
orthopaedic reconstructive surgery for their high strength and
wear properties [1–3]. Uncemented, CoCr femoral stems, with a
sintered porous surface have shown promising clinical results
[4], allowing bone ingrowth into the porous coated surface [5].
However, periprosthetic bone loss around femoral stems is a prob-
lem, even with Ti6Al4V alloys, which otherwise have an outstand-
ing clinical record. And while limited postoperative weight-bearing
and aseptic loosening contribute to bone loss [6], bone resorption
as a direct consequence of stress shielding due to the high stiffness
of CoCr has been reported [7]. The extent of stress shielding expe-
rienced by bone around a bone-anchored device depends on the
interfacial bonding characteristics, e.g., whether it is cemented or
uncemented, the presence of a coating, and the possibility for bone
ingrowth [8]. Furthermore, stress shielding is also dependent on
the structural stiffness, which is principally related to the bulk
and the elastic modulus of the material [8]. Indeed, the overall
stiffness of a metal implant and the stress shielding experienced
by bone may be reduced by appropriate design modifications.

Additive manufacturing is an emerging fabrication technique,
with the potential to overcome the challenges faced in traditional
machining. Structures are built up by melting successive thin lay-
ers of powder. Material is added, rather than being removed, and
complex innovative designs can be produced in an intentional,
controlled, and pre-determined manner. Medical implants with
an integrated open-pore architecture could be readily produced
from a computer-aided design (CAD), enabling either mass produc-
tion of well-defined implants or customised implants based on
patient-specific X-ray imaging [9]. Electron beam melting (EBM)
is one of the most promising additive manufacturing techniques
for load bearing metal implants [10], allowing modulation of the
overall stiffness of the porous structure using both cobalt and tita-
nium based alloys [11].

Osseointegration and biomechanical fixation of CoCr are often
considered inferior to titanium (typically Ti6Al4V) alloys [12,13].
Therefore, attempts have been made to improve the biological
response to CoCr implants by the use of different coating proce-
dures [14,15]. Interestingly, no differences have been demon-
strated between uncoated, solid Ti6Al4V and CoCr implants on
the histological [16] and the ultrastructural [17] levels. Further-
more, recent findings have revealed that osseointegration occurs
without adverse tissue reactions for EBM-manufactured, solid,
CoCr implants [18]. Nevertheless, bone ingrowth into porous CoCr
constructs has not yet been evaluated, and little is known about
the precise biological and tissue response to such materials.

Bone ingrowth into porous Ti6Al4V implants prepared by EBM
[19,20] has been demonstrated previously. The current work aims
to evaluate: (i) whether porous CoCr exhibits properties compati-
ble with long-term bone ingrowth similar to Ti6Al4V, and (ii) if
there are site-specific differences in bone formation, composition
and ultrastructure, depending on the location within and outside
the porous network.
2. Materials and methods

2.1. Powder materials, implant fabrication, and surface
characterisation

For the Ti6Al4V implants, a plasma-atomised Ti6Al4V ELI pow-
der (Grade 23; ASTM F136 standard) of particle size < 100 lm was
used (Fig. 1a). For the CoCr implants, a low carbon gas-atomised
CoCr powder (ASTM F75 standard) of particle size < 100 lm was
used (Fig. 1b). The chemical compositions of the alloy powders
grade implants (Table 1).
The Ti6Al4V implants were built first, in a single build cycle, fol-

lowed by the CoCr implants in a separate build cycle in an Arcam
EBM A1 system (Arcam AB, Mölndal, Sweden). The upper part of
each implant consisted of a solid top whereas the lower part con-
sisted of an interconnected, cylindrical, porous network having a
diamond-shaped lattice structure (Fig. 1c, d). Using standard
Arcam process parameters for preheating and bulk melting of
Ti6Al4V and CoCr, respectively, the implants were built in the z-
direction of the cylindrical coordinates with the porous part built
on top of the solid part using the same 3D CAD drawing for both
materials. The average build temperatures were approximately
680 �C for Ti6Al4V and 780 �C for CoCr, respectively. The melting
of CoCr contours and net structures was carried out with the same
beam current as for Ti6Al4V, while the beam speed and the contour
offset of the 2D polygons were optimised so that the CoCr parts
were fully melted and displayed similar dimensions as the Ti6Al4V
implants.

All implants were blasted with the same powder as they were
built of and machined in the x-y plane to obtain a 2 mm height
of the solid top. A shallow notch was machined in the top surface
in order to facilitate implant placement. All implants were ultra-
sonically cleaned in ethanol and visually inspected to ensure that
any loose particles and flakes had been removed. After inspection,
the implants were cleaned in Extran MA01� (Merck Millipore,
Darmstadt, Germany) prior to sterile packaging and subsequent
autoclaving.

The macroscopic design and the macro porosity of the implants
were evaluated by X-ray micro computed tomography (micro-CT).
Three implants of each type were scanned in a (Skyscan 1172, Bru-
ker micro-CT, Kontich, Belgium) operating at 100 kV energy with
an Al/Cu filter, for a complete 360� rotation at a step size of 0.7�
with an averaging of 5 frames and an image pixel size of
11.88 lm. Reconstruction, analysis, and visualisation were per-
formed using associated Skyscan software. Analysis of porosity
and structural dimensions of the porous network was performed
for a defined volume of interest confining the porous network only.

The surface chemical composition of the Ti6Al4V and CoCr
implants was analysed by X-ray photoelectron spectroscopy
(XPS, AXIS Ultra DLD, Kratos Analytical, Manchester, UK) equipped
with a monochromatic Al X-ray source. Two implants of each type
were analysed. Survey scans were performed for analysis of the
atomic composition of the surface, while detailed high-resolution
scans were performed to evaluate the oxidation states of specific
elements.

The surface morphology was evaluated by scanning electron
microscopy (SEM; Leo Ultra 55 FEG SEM, Leo Electron Microscopy
Ltd, UK) in the secondary electron mode, operated at 5 kV acceler-
ating voltage. Two implants of each type were evaluated at 100–
100,000� magnifications.
2.2. Animal surgery

The animal surgery was conducted in accordance with the pro-
visions of the OECD, EU and US FDA Good Laboratory Practice (GLP)
regulations. No deviations from the protocol, standard operating
procedures or GLP regulations were considered to significantly
affect the outcome. A total of five sheep were operated and each
received test and control implants bilaterally in the distal femora
(n = 10).

Prior to the surgery, the sheep were fasted 24 h for food and
12 h for water. Each sheep received pre-operative analgesia with
buprenorphine (Buprecare�, Axience SAS) and flunixine (Meflosyl�

Injectable, Fort Dodge, France). At the time of surgery, anaesthesia



Fig. 1. (a) Ti6Al4V and (b) CoCr starting powders (scanning electron microscopy). 3D rendering of the micro-CT data sets showing the macro-geometry and surface structure
of the (c) Ti6Al4V and (d) CoCr implants.

Table 1
Chemical composition of the starting powder (wt.%) and corresponding ASTM standards for Ti6Al4V ELI and CoCr alloy.

Ti6Al4V CoCr

Current (wt.%) ASTM F136 Current (wt.%) ASTM F75

Carbon (C) 0.01 0.08 0.01 <0.35
Nitrogen (N) 0.01 0.05 0.028 <0.25
Oxygen (O) 0.056 0.13 0.065 –
Titanium (Ti) Bal. Bal. 0.01 –
Aluminium (Al) 6.32 5.5–6.5 – –
Vanadium (V) 3.9 3.5-4.5 – –
Cobalt (Co) – – Bal. Bal.
Chromium (Cr) – – 28.2 27–30
Molybdenum (Mo) 0.01 – 5.6 5–7
Phosphorous (P) – – 0.06 –
Silicon (Si) – – 0.44 <1.0
Sulphur (S) – – 0.004 –
Iron (Fe) – 0.25 – –
Tungsten (W) – – 0.01 –
Nickel (Ni) – – 0.065 <0.5
Manganese (Mn) <0.01 – 0.63 <1.0
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was induced by intravenous administration of a mixture of
thiopental (Nesdonal�, Merial, France), pentobarbital (sodium
pentobarbital, CEVA Santé animale, France), and atropine (Atropi-
num sulfuricum, Aguettant, France) followed by inhalation of an
O2-isoflurane (IsoFlo�, Axience SAS) for continued general
anaesthesia. The surgical areas were clipped free of fur, scrubbed
with povidone iodine (Vetedine� savon, Vetoquinol), wiped with
70% isopropyl alcohol, painted with povidone iodine solution
(Vetedine� solution, Vetoquinol) and draped. A perioperative
antibiotic, amoxicillin (Duphamox LA�, Pfizer), was administered
intramuscularly. A cutaneous incision was made on the medial side
of each distal femoral epiphysis, the muscles were separated using
blunt dissection, and the periosteum was carefully removed to
expose the implantation sites. Drilling and sequential enlargement
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of the drill hole were conducted using orthopaedic drills (2, 3 and
5 mm diameters) with a flexible stop, under copious saline irriga-
tion, to create a hole with the final dimensions of 5 mm diameter
and 7 mm depth. Each animal received a total of four implants.
In each distal femoral epiphysis, either two Ti6Al4V or two CoCr
implants were placed 6–12 mm apart, designated as proximal
and distal sites. The test (CoCr) and control (Ti6Al4V) implants
were randomised between the right or left femur. Using absorbable
sutures, the muscles were sutured (PDS II, Ethicon) followed by the
subcutaneous layer (Vicryl� 2-0, Ethicon). The skin layer was
closed using surgical staples (ApposeTM ULC Auto SutureTM, Covi-
dien). The wounds were disinfected using an iodine solution (Vete-
dine�, Vetoquinol) and oxytetracycline (Oxytetrin� spray,
Intervet). Postoperatively, buprenorphine was administrated on
the night of surgery and for two days after, flunixine was adminis-
tered daily for five days, and amoxicillin was administered every
two days for eight days.

After 26 weeks, the sheep were euthanised by intravenous over-
dose of pentobarbital (Dolethal�, Vetoquinol). The distal femora
were harvested with surrounding tissues, en bloc, and fixed in
10% neutral buffered formalin.
2.3. Histology and histomorphometry

The bone-implant specimens were embedded in plastic resin
(LR White, London Resin Co. Ltd, UK) by stepwise dehydration,
resin infiltration and polymerisation. The embedded blocks
were bisected by sawing and grinding (EXAKT� Apparatebau
GmbH & Co, Norderstedt, Germany) [21]. One half-block of each
specimen was used to prepare a central ground section
(15–20 lm thick), which was stained with toluidine blue. Qualita-
tive histology and quantitative histomorphometry were performed
using optical microscopy (Nikon Eclipse E600; Nikon NIS-Elements
software).

To determine bone formation inside and around the porous net-
work, a detailed analysis was performed at different locations des-
ignated as: (a) centre of the porous network: the inner 1/3rd of the
implant, (b) periphery of the porous network: outer 2/3rd of the
implant, (c) close to the implant: 0–500 lm from the outer border,
(d) distant from the implant: 500–1000 lm from the outer border
(Fig. 2), The bone-implant contact (BIC) and bone area (BA) were
quantified at the different zones within and outside the porous
network.
Fig. 2. Illustration of the different locations for quantitative histomorphometry: (1) i
subdivided as: (a) centre, (b) periphery, (c) close, and (d) distant.
2.4. Interfacial tissue composition

Selected implant-tissue blocks were polished using 400–2400
grit silicon carbide paper and used for backscattered electron
(BSE) SEM imaging in a Quanta 200 environmental SEM (FEI Com-
pany, The Netherlands), operated at 20 kV accelerating voltage and
0.5 Torr water vapour pressure. Areas of direct bone-implant con-
tact were selected for Raman spectroscopy and energy dispersive
X-ray spectroscopy (EDX).

Raman spectroscopy was used to investigate the composition of
the interfacial tissue at the centre and periphery of the porous net-
work, and the new bone formed around the implant. Spectra were
collected at room temperature by a nitrogen cooled charge-
coupled device (CCD) detector connected to a Dilor XY 800 spec-
trometer (Horiba, Jobin Yvon GmbH), equipped with a 676 nm
Ar/Kr laser operated at �100 mW, with a 100� objective, 600
groove/mm grating, 300 mm focal length and pinhole size of
100 lm. One sample-pair (from the same animal) was used. Five
different locations along the implant surface were analysed in
areas of direct bone-implant contact, approximately 5–10 lm from
the implant surface at both the centre and the periphery of the por-
ous network. Five locations were also analysed in the new bone
formed outside (close and distant regions) the implant, approxi-
mately 300–700 lm from the implant surface.

At each position, ten acquisitions were made with an integra-
tion time of 20 s each. Raw spectra were truncated between 300
and 1800 cm�1 and background fluorescence subtraction was per-
formed by fitting a sixth order polynomial function using the Back-
ground Correction program [22] for MATLAB R2013b (Mathworks
Inc., Natick, MA). The wavenumber axis was adjusted so that the
m1 PO4

3� peaks in all spectra corresponded to �959 cm�1. The
baseline-corrected spectra were then normalised using Plot
(http://plot.micw.eu/) to show equal intensities of the m1 PO4

3�

band in all spectra. Curve fitting, using mixed Gaussian and Lorent-
zian functions, and quantification of integral areas was done using
MagicPlot (www.magicplot.com). The Raman metrics investigated
included mineral crystallinity, taken as the reciprocal of the full-
width at half-maximum (1/FWHM) of the m1 PO4

3� peak [23], the
apatite-to-collagen ratio, also referred to as the mineral-to-
matrix ratio (m2 PO4

3�/Amide III [24,25]), and the carbonate-to-
phosphate ratio (m1 CO3

2�/m2 PO4
3� [26]). The integral areas were:

m1 PO4
3� (�930–980 cm�1), m2 PO4

3� (�410–460 cm�1), Amide I
(�1620–1700 cm�1), Amide III (�1215–1300 cm�1), and m1 CO3

2�

(�1050–1100 cm�1) [27].
nside the porous network and (2) outside the implant. The regions were further

http://plot.micw.eu/
http://www.magicplot.com
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Energy dispersive X-ray spectroscopy was performed in a
Quanta 200 environmental SEM (FEI Company, The Netherlands),
operated at 20 kV accelerating voltage. Interfacial tissue approxi-
mately 5–10 lm from the implant surface at the centre and at
the periphery of the porous network was analysed. As control,
areas of the native trabecular bone (�1.5 mm from the implant
surface and unaffected by surgery) were also analysed. Two
sample-pairs were used for the analysis. On each implant, EDX
spectra were recorded at four different positions at the centre
and the periphery of the porous network, and also in the native
bone, considering only Al, Ti and V for Ti6Al4V, and Co, Cr, and
Mo for CoCr specimens, in addition to Ca, P, O, C.

2.5. Osteocyte density and direct visualisation

Selected resin embedded bone-implant blocks were wet pol-
ished with 400–4000 grit SiC grinding paper. The samples were
air-dried overnight prior to low-vacuum backscattered electron
(BSE) SEM imaging in a Quanta 200 environmental SEM (FEI Com-
pany, The Netherlands) operated at 25 kV and 1 Torr water vapour
pressure. The osteocyte density, i.e., the average number of osteo-
cytes per mineralised surface (N.Ot/B.Ar), was quantified on BSE-
SEM images recorded at �200 magnification. All unmineralised
areas in each recorded image were excluded by segmentation
using ImageJ (imagej.nih.gov/ij) and the osteocytes were quanti-
fied using the Cell Counter plugin. Four sample-pairs were evalu-
ated, and three separate observations were made at each region
(centre, periphery, close, and distant).

For direct visualisation of osteocytes, the samples were sequen-
tially immersed in 9% H3PO4 (for 30 s), rinsed in Milli-Q water (for
5 s), immersed in 5% NaOCl (for 5 min), rinsed again (for 30 s) and
air-dried overnight. The samples were Au sputter-coated (�10 nm)
for high vacuum secondary electron SEM imaging in an Ultra 55
FEG SEM (Leo Electron Microscopy Ltd, UK) operated at 20 kV [28].

2.6. Statistical analysis

The non-parametric Wilcoxon Signed Rank test for pair-wise
analysis was used for histomorphometric analysis. In a site-
matched manner (i.e., proximal vs. proximal, and distal vs. distal),
the test (CoCr) implants in one femur were compared against the
control (Ti6Al4V) implants in the contralateral femur, for each ani-
mal. No implants were excluded. The Kruskal-Wallis test followed
by the Mann-Whitney U test were used for Raman spectroscopy,
EDX, and osteocyte density analyses (SPSS Statistics, v.22, IBM Cor-
poration); p values < 0.05 were considered statistically significant.
Mean values ± standard deviations are presented.

3. Results

3.1. Implant geometry and surface characterisation

Both implant types, i.e., Ti6Al4V and CoCr had a similar design
and overall appearance, with a solid top to facilitate insertion
and primary fixation, and an integrated open-pore structure below.
Table 2
Morphometric data of the porous network of the implants characterised by micro-CT
using a 3D analysis (n = 3).

Ti6Al4V CoCr

Mean ±SD Mean ±SD

Material volume (%) 29.94 0.15 32.94 0.83
Porosity (%) 70.06 0.15 67.06 0.83
Surface area/volume ratio (mm�1) 11.41 0.03 12.23 0.18
Strut thickness (lm) 341.2 0.52 326.5 4.85
Strut separation (lm) 545.4 2.78 473.1 7.45
The quantitative measurements made by micro-CT showed minor
differences between the implant materials in terms of porosity,
surface area/volume ratio, strut thickness, and strut separation
(Table 2). CoCr implants showed a rougher surface with more half
molten particles at the surface yielding a higher surface area com-
pared to Ti6Al4V, creating a slightly less defined pore structure
with a smaller mean pore diameter (Fig. 3) and slightly lower total
porosity. At higher magnification, however, the surface morphol-
ogy appeared similar, with some micron and sub-micron struc-
tures resulting from flakes and protrusions.

The chemical composition of the implant surfaces was domi-
nated by carbon and oxygen, apart from Ti, Al, and V for the
Ti6Al4V implants and Co, Cr, and Mo for the CoCr implants
(Table 3). Deconvolution of the carbon peaks showed that the con-
tamination was predominantly found at 285.0 eV (>75%), indicat-
ing carbon bonds of the type CAC, CAH, and C@C, with some
found at 286.5 eV (10%), indicating carbon with one bond to oxy-
gen such as CAO and CAOAC, and minor signals at 288.1 eV and
288.9 eV indicating carbon with two bonds to oxygen and three
bonds to oxygen, respectively.

The surface oxides on the Ti6Al4V implants were predomi-
nantly TiO2, as indicated by the Ti 2p signal at 458 eV, while a
minor Ti metal contribution was found at 454 eV. A minor amount
of V was found at 516 eV indicating an oxidised state. The surface
oxides on the CoCr implants were predominantly of Cr origin, with
major Cr 2p signal at 576–580 eV, indicating oxide/oxohydroxide/
hydroxide states with a minor contribution of Cr metal at 574 eV. A
minor amount of Mo was found at 228–235 eV showing three
peaks, indicating both metal and oxide contributions. The oxides
and hydroxides were confirmed by the O 1s signal of all samples,
found at 528–534 eV, with a shoulder towards higher binding
energies, indicating a predominant oxide with some contributions
of hydroxide.

3.2. Histology and histomorphometry

Both Ti6Al4V and CoCr constructs were well integrated in bone
(Fig. 4) and no signs of inflammatory cells, fibrous encapsulation,
or other adverse tissue reactions were detected. Mature trabecular
bone was observed around the implants and extended into the por-
ous network. The newly formed bone appeared to be in direct con-
tact with the implant surface, filling the surface irregularities, and
was also continuous with the existing trabecular bone of the
femoral epiphysis. The formed bone made direct bone-implant
contact at all vertical and horizontal levels of the constructs. Qual-
itatively, based on toluidine blue staining intensity, the bone
formed inside the porous network exhibited a lower degree of
maturity compared to the bone outside. However, the formed bone
appeared morphologically similar to the surrounding native bone
of the recipient site. This was characterised by the organised lamel-
lar appearance of the trabeculae with numerous mature flattened
osteocytes aligned parallel to the lamellar direction. At several
locations, osteonal structures could be identified with concentric
bone lamellae around central Haversian canals, particularly in
close vicinity to the external surface of both Ti6Al4V and CoCr con-
structs. However, the presence of osteonal structures was not
detected in the bone formed inside the porous network.

Both inside and outside the porous network, the spaces
between the formed bone trabeculae were occupied by bone mar-
row, dominated by hematopoietic and adipose tissue. Furthermore,
signs of ongoing bone remodelling were observed both external to
the implant as well as inside the porous network, characterised by
the appearance of areas of bone resorption concurrent with osteo-
blast seams depositing osteoid. In some of these remodelling sites
osteoclasts could be identified. For both types of implants, several
remodelling sites were found at the interface between the formed



Fig. 3. Native implant surface. At low magnification, (a) Ti6Al4V shows a relatively smoother surface with less half-molten beads than (b) CoCr. At higher magnification, the
surface topography of (c and e) Ti6Al4V and (d and f) CoCr appears similar at the micron and sub-micron scales.

Table 3
Relative surface composition (at.%) as measured by XPS (n = 2).

Ti6Al4V CoCr

Mean ±SD Mean ±SD

Carbon (C) 40.4 1.98 46.7 0.28
Oxygen (O) 40.35 1.48 34.35 1.06
Titanium (Ti) 12.9 0.28 – –
Aluminium (Al) 1.1 0.14 – –
Vanadium (V) 0.5 0.00 – –
Cobalt (Co) 0.4 0.00 4.95 0.78
Chromium (Cr) – – 10.9 0.14
Molybdenum (Mo) – – 0.6 0.00
Sodium (Na) 0.65* 0.35 0.05 0.07
Silicon (Si) 0.15 0.07 0.35 0.07
Zirconium (Zr) 0.1 0.00 0.02 0.02
Calcium (Ca) 0.4 0.00 – –
Chlorine (Cl) – – 0.4 0.14
Manganese (Mn) – – 0.2 0.00
Iron (Fe) 1.75 0.64 – –
Fluorine (F) 0.05 0.07 – –

– signal at noise level in detail spectra (below 0.05–0.1 at.%).
* Amount of Na estimated, due to overlapping peaks at�1070 eV for Na 1 s and Ti

LMM Auger signals.
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bone and the metal struts, thereby resulting in a lower degree of
direct bone-implant contact at such locations (Fig. 5). Multinucle-
ated giant cells were also detected, exclusively in association with
the surface of both alloys, but not freely in the bone marrow. More
multinucleated giant cells were observed at the top part of the por-
ous network, i.e., between the lower side of the solid top and the
upper struts. No metal debris or wear particulates were observed
around or inside the porous network, for either Ti6Al4V or CoCr.
While a few micron-sized metal spots were observed within the
confines of the porous network, there was little biological response
to such features as may be expected for isolated foreign particles.
Therefore, they were considered to be either artefacts originating
from sample preparation procedures (e.g., cutting and grinding)
or otherwise metal that was still in continuity with the implant
but only appearing as isolated fragments in 2D sections.

The bone area (BA) was similar for the two alloys, both inside
and outside the porous network, while the total bone-implant con-
tact (BIC) for Ti6Al4V was higher (p < 0.01) than CoCr. The BIC for
Ti6Al4V was significantly higher than CoCr at both the centre
(p < 0.05) and the periphery (p < 0.01) of the porous network, while
no difference was observed at the solid top. No differences were
observed in BA between Ti6Al4V and CoCr at any of the four loca-
tions. However, for both Ti6Al4V and CoCr, the highest BA was seen
close/adjacent to the porous network, while the least BA was at the
centre (Fig. 6).
3.3. Interfacial tissue composition

The composition of the interfacial tissue at the centre of the
porous network, as well as the new bone adjacent to the implant
appeared similar for Ti6Al4V and CoCr (Fig. 7a). The mineral phase
was mainly carbonated apatite while other phosphate environ-
ments associated with early mineralisation were not detected.
The organic phase consisted of collagen and commonly found
amino acids proline (Pro), hydroxyproline (Hyp), phenylalanine
(Phe), and tyrosine (Tyr). Phe and Tyr levels appeared to be higher



Fig. 4. Undecalcified toluidine blue stained sections of (a–e) Ti6Al4V and (f–j) CoCr implants. Overview images (a, f) show the pattern of bone formation around and inside the
porous network. Higher magnification images of (b–e) Ti6Al4V and (g–j) CoCr correspond to the dotted boxes in (a) and (f).
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at the interfacial tissue than outside the porous network, for both
Ti6Al4V and CoCr. At each location (centre, periphery, and outside
the porous network), although the mineral crystallinity was com-
parable for both materials (Fig. 7b), CoCr showed lower mineral
crystallinity at the centre (p < 0.03) and the periphery (p < 0.02)
of the porous network compared to the outside. For CoCr, the
apatite-to-collagen ratio at the periphery of the porous network
was lower (p < 0.03) than Ti6Al4V (Fig. 7c), which was also lower
than at the centre of the porous network (p < 0.01) and outside
(p < 0.03). The carbonate-to-phosphate ratio at the periphery of
the porous network was higher for CoCr than Ti6Al4V (p < 0.01)
(Fig. 7d), and was higher than at the centre of the porous network
(p < 0.03).

The Ca/P ratio of the interfacial tissue (Ca/P = 1.4 ± 0.1 for all
groups) was lower (p < 0.02 for all groups) than the native bone
(Ca/P = 1.6 ± 0.2). However, the Ca/P ratio was comparable for CoCr
and Ti6Al4V at the centre and the periphery of the porous network
(Fig. 7e). Low levels of Cr, Co, and Ti were detected in the interfacial
tissue; with only trace levels of Al, V, and Mo (Fig. 7f,g). However,
due to the large volume from which characteristic X-rays are



Fig. 5. Undecalcified toluidine blue stained sections of (a–d) Ti6Al4V and (e–h) CoCr implants. Remodelling sites as well as multinucleated giant cells (black arrows) were
observed in association with the implant surface.
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generated, the signal may be attributable to metal protrusions
immediately under the bone surface, as well as metal smearing
during sawing and grinding.
3.4. Direct visualisation of osteocyte morphology

On the polished bone-implant blocks, bone appeared well min-
eralised, with typical local variations in the Z- (atomic number)
contrast corresponding to the extent of tissue mineralisation.
Osteocyte lacunae appeared as elliptical, low contrast (dark) struc-
tures, which were aligned not only parallel to the lamellar direc-
tion, but also to the implant surface in areas of direct bone-
implant contact (Fig. 8a,b). Larger low contrast structures within
the mineralised matrix were identified as blood vessels, while
those adjacent to the implant surface were resorption/remodelling
sites. Osteocytes at (or near) the bone surface were generally
aligned parallel to the receding marrow space. In areas of direct
bone-implant contact, osteocytes were found to closely approach
the Ti6Al4V (Fig. 8c) and CoCr surfaces (Fig. 8d), forming intercon-
nected networks, and often making direct contact with the Ti6Al4V
(Fig. 8e) as well as the CoCr implant surfaces (Fig. 8f) through cel-
lular extensions, or dendrites, within canaliculi.

The overall osteocyte density (N.Ot/B.Ar) in the newly formed
bone (inside and outside the porous network) was similar for
Ti6Al4V (412 ± 31) and CoCr (417 ± 31). For Ti6Al4V, the N.Ot/B.
Ar was comparable in the four regions analysed (centre, periphery,
close, and distant). At the centre of the porous network, the N.Ot/B.
Ar was comparable for the two alloys. On the contrary, the N.Ot/B.
Ar at the periphery of the porous network was higher for CoCr
(p < 0.005). For CoCr, the N.Ot/B.Ar increase at the periphery of
the porous network appeared to be at the expense of osteocytes
outside the porous network, as indicated by the significantly lower
N.Ot/B.Ar at the close and distant regions than within the porous
network (p < 0.05, and p < 0.005, respectively) (Fig. 8g–i).



Fig. 6. (a and b) Overall histomorphometry (mean values ± SD, n = 10). Bone area (BA) measurements showed no differences between Ti6Al4V and CoCr, although higher
amount of bone tissue was observed outside the porous network than inside. Bone-implant contact (BIC) measurements showed higher BIC for Ti6Al4V. (c and d) BA at the
different locations analysed inside and around the implants. The highest BA was observed close to the implant. The least BA was observed in centre of the porous network. (e
and f) BIC at the different locations analysed inside and around the implants. The BIC around the solid top was comparable for Ti6Al4V and CoCr. Inside the porous network,
Ti6Al4V showed higher BIC than CoCr. The BIC for CoCr was higher around the solid top than inside the porous network. The illustrations (left) correspond to the quantitative
analyses (right). (* = Statistical significance between Ti6Al4V and CoCr; Horizontal bars = Statistical significance between the groups indicated; yy = Significantly higher than
all other locations; � = Significantly higher than ‘centre’).

304 F.A. Shah et al. / Acta Biomaterialia 36 (2016) 296–309
4. Discussion

This work demonstrates bone ingrowth into 3D printed CoCr
implants having an open-pore architecture. Further, the results
show that CoCr exhibits the potential to support osseointegration
to the same extent as Ti6Al4V, after a relatively long-term healing
phase. Whereas bone ingrowth has been referred to as bone
formation within the irregularities and porosities on an implant
surface [29], the concept of osseointegration revolves around
new-formed bone enclosing an implant with perfect congruency
to the implant form and surface irregularities, without any interpo-
sitioned connective tissue [30]. Although this description was later
revised to include the resolution level, i.e., a direct contact between
living bone and the implant – on the light microscopic level [31],



Fig. 7. (a) Raman spectra (average of spectra from five different locations) of the interfacial tissue at the centre and periphery of the porous network, and the newly formed
bone outside (close and distant regions) the implants. (b–d) Raman metrics investigated for the interfacial tissue (mean values ± SD, * = Statistical significance between
Ti6Al4V and CoCr; Horizontal bar = Statistical significance between the locations indicated, n = 1). (e–g) Elemental analysis by energy dispersive X-ray spectroscopy (EDX) of
the interfacial tissue (mean values ± SD, n = 2).
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no definition has yet been put forward for higher resolutions levels,
or in terms of the composition, ultrastructure, or the overall
biomechanical capacity of the interfacial tissue.

Correlative multiscale, structural analysis of the bone-implant
interface [32] provides comprehensive information about the influ-
ence of an implant surface on the organisation of the micro- and
nanoscale components of bone, e.g., bone apatite, collagen, and
the osteocyte lacuno-canalicular network. Moreover, site-specific
compositional analysis of the interfacial tissue, e.g., using Raman
spectroscopy and energy dispersive X-ray spectroscopy, provides
a novel dimension to the definition of osseointegration, i.e., assess-
ment of quality rather than the quantity of new formed bone [20].



Fig. 8. Typical appearance of mineralised bone adjacent to the (a) Ti6Al4V and (b) CoCr implants. Osteocytes (Ot) in the interfacial tissue (white arrows) form interconnected
networks adjacent to the (c) Ti6Al4V and (d) CoCr implant surfaces, and make direct contact with the (e) Ti6Al4V and (f) CoCr implant surfaces. (g–i) The average number of
osteocytes within and outside the porous network (mean values ± SD, n = 4). * = Statistical significance between Ti6Al4V and CoCr.
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The present results show that bone is regenerated in the inner-
most regions of the interconnected porous network for Ti6Al4V
and CoCr, alike. The exact mechanism of bone formation within
the confined interconnected porosity and the role of the physical
and chemical properties of the implant surface are hitherto
unknown. It is also not known whether bone formation occurred
by progressive ingress from the margins of the recipient site or if
the process also involved migration and subsequent differentiation
of osteoprogenitor cells within the porous network. While neither
scenario can be excluded, the latter is partially supported by the
observation of ongoing remodelling in the centre of the porous
network, indicating that the microenvironment established here
provides biological cues for osteogenic differentiation and subse-
quent bone formation. In vitro experiments have shown that in
contrast to solid implants, additively manufactured porous
Ti6Al4V implant surface stimulates MC3T3-E1 osteoblast cell line
functions, including cell attachment, proliferation, differentiation,
and mineralisation [33]. Furthermore, porous Ti and Ti6Al4V
implant surfaces support cell attachment and growth, without
altering the expression of genes involved in osteogenic differentia-
tion or affecting the alkaline phosphatase activity [34].

For the two alloys evaluated here, the average pore sizes of
470–545 lm and 67–70% porosity are in the range suggested
to allow vascularisation and osteogenesis [35]. Pore sizes
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(400–680 lm and 56–68% porosity) of porous Ti6Al4V scaffolds
produced by 3D fibre deposition have been demonstrated to trigger
higher bone formation than smaller ranges [36]. Furthermore, it
has been shown that there is no threshold value for bone ingrowth
into pore sizes ranging between 50 and 125 lm [37]. Indeed, in
addition to bone ingrowth into the macroporosity, both CoCr and
Ti6Al4V also support bone formation within surface irregularities
and microporosities smaller than 100 lm.

With respect to the chemical composition, both Ti6Al4V and
CoCr allowed similar amounts of bone formation, and hence com-
parable osseointegration. Although lower BIC was recorded within
the porous network for CoCr (vs. Ti6Al4V), the lack of difference
between the two materials in the solid region exempts the surface
composition of CoCr from being exclusively responsible for the
lower BIC values. Taken together, it appears that this combination
of macro- and microporosity provides a suitable environment for
bone regeneration, which is equally compatible with Ti6Al4V and
CoCr as bulk materials.

Histology and BSE-SEM showed high amounts of organised
lamellar bone inside the porous network, confirming that bone
remodelling had occurred. Remodelling is a critical parameter for
the long-term performance of bone-anchored implants where bone
adjacent to the implant surface adapts in structure, amount, and
composition in response to mechanical strain. The presence of
osteocytes, aligned along lamellar directions, forming an intercon-
nected network in close vicinity of the implant surface, and also
directly contacting the implant surface through numerous den-
dritic extensions, particularly in the case of CoCr, attests to the
presence of a functional load-sensing mechanism. Physiological
loading of bone-anchored implants, in human, has been suggested
to be important for continued osseointegration [32], possibly
mediated via mechanical load sensing by osteocytes adjacent to
the implant surface.

The BA was similar for the two alloys irrespective of the loca-
tion, whether inside or outside the porous network. Moreover,
the BIC recorded at the solid top region was also similar for both
alloys. However, significantly lower BIC was observed for CoCr
within the porous network (vs. outside, and vs. Ti6Al4V). And
albeit not statistically significant, a trend towards slightly lower
BIC inside the porous network than outside was also noted for
Ti6Al4V. One explanation may be that the remodelling process is
relatively slower adjacent to the CoCr surface than Ti6Al4V, since
the non-contacting regions were primarily remodelling sites, and
not fibrous tissue. The adaptive response of bone to dynamic load-
ing, e.g., woven bone formation [38] and remodelling [39] are local
processes. It is well known that interfacial stress transfer relies on
various combinations of compressive, tensile, and shear stresses at
different locations along the surface of orthopaedic implants [40].
It is plausible that under physiological loading, the biomechanical
environment within the porous network is not the same as that
outside. The extent of stress transfer into bone within the porous
network may also not be similar for the two alloys, attributable
to the difference in the overall stiffness of Ti6Al4V and CoCr con-
structs. The present investigation uses Ti6Al4V and CoCr implants
of similar macro-geometry with only minor differences in terms of
porosity and strut thickness. It has previously been shown that the
stiffness of porous constructs is related to their relative density,
and that the difference between the stiffness of Ti6Al4V and CoCr
scales approximately by a factor of two – the stiffness of CoCr being
twice that of Ti6Al4V [11]. Therefore, bone cells in the porous net-
work may experience a higher degree of stress shielding inside the
porous network than outside, and perhaps more adjacent to CoCr
than Ti6Al4V, and therefore undergoes remodelling at different
rates. The difference in the local biomechanical environment is
supported by the observation of higher osteocyte density at the
periphery of the porous network.
The CoCr alloy did not significantly alter the molecular struc-
ture or the elemental content of the mineralised interfacial tissue
at long-term healing. The compositional parameters analysed
using Raman spectroscopy, e.g., mineral crystallinity, the apatite-
to-collagen ratio, and the carbonate-to-phosphate ratio were lar-
gely similar for both alloys, particularly at the centre of the porous
network and in the new bone formed outside the implants. There-
fore, in terms of the ‘composite’ nature of bone, the biomechanical
characteristics of the mineralised tissue interfacing Ti6Al4V and
CoCr may be considered to be similar. Being a marker of tissue
age, the higher carbonate-to-phosphate ratio for CoCr (vs. Ti6Al4V)
at the periphery of the porous network indicates ‘more aged’ tis-
sue. This, in correlation with the higher osteocyte density observed
in this region provides further evidence for slower bone remod-
elling in association with CoCr. Furthermore, a lower apatite-to-
collagen ratio was observed for CoCr at the periphery of the porous
network (vs. Ti6Al4V, and vs. centre and outside regions). It may be
speculated that the change in the apatite-to-collagen ratio (i.e., rel-
atively higher matrix content) could be a functional adaptation in
response to the higher stiffness of CoCr. The Ca/P ratio of the inter-
facial tissue, determined by energy dispersive X-ray spectroscopy,
was also similar for the two alloys. During bone formation, while
initial (or primary) mineralisation of the organic matrix occurs rel-
atively quickly to attain a high Ca/P ratio, the secondary minerali-
sation proceeds at a relatively slower rate [41]. This partly explains
why the Ca/P ratio observed at implant surfaces is often lower than
the native bone [20]. The lower Ca/P ratio of the interfacial tissue
also corresponds with the lower degree of tissue maturation
observed on histological evaluation.

Attributable to the particle sizes of the starting powders, the
surface texture of Ti6Al4V and CoCr implants was different, with
Ti6Al4V showing a slightly lower surface area/volume ratio
(11.4 mm�1) than CoCr (12.2 mm�1). However, as the particle sizes
are considerably larger than the size of cells and the atomisation
process renders the surface extremely smooth, the surface texture
is therefore not believed to significantly influence cellular
response. It is nevertheless essential to highlight that ion release
from the implant surface cannot be entirely excluded, and the cel-
lular response to different ions cannot be easily predicted in vivo.

3D printing of CoCr by electron beam melting offers a key
advantage in tailoring the construct design, e.g., the strut thickness,
to lower the structural stiffness and match the elastic modulus of
bone and therefore reduce stress shielding [42], as described by
the Gibson & Ashby relationship [43]. The diamond shaped unit
cell used here is isotropic. The mechanical and fatigue properties
of anisotropic unit cells are considered to be dependent on the
angle between the vertical struts of the unit cell and the loading
direction [44]. The macrostructural symmetry in combination with
microstructural isotropy resulting from the fabrication of the con-
struct using atomised alloy powders implies that the construct
may be able to endure multi-axial stresses better than solid
implants machined from a cylinder of metal/alloy.

The limitations of this work must also be recognised, since the
results are based on only one time-point (26 weeks), in non-loaded
conditions. The clinical perspective, however, necessitates the
demonstration of equivalent progress of osseointegration and
mechanical stabilisation during early healing (e.g., 12 weeks), as
well as maintenance of an organised hierarchical architecture at
extended follow-up periods (e.g., 1–2 years), in functionally-
loaded conditions. Due in part to the macro-geometry of the
implants evaluated here, i.e., the interconnected open-pore archi-
tecture, and continuity of bone formed around and deep within
the porous network of the implants, conventional biomechanical
tests, e.g., removal torque, push-out, pull-out etc., may not be
entirely reliable or applicable for such designs. Therefore, their
ability to withstand functional loading must be interpreted largely
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from the quantity and quality of bone formed within the porous
network. However, morphometric assessment of osseointegration
does not replace the demonstration of biomechanical stability of
load-bearing implantable devices.
5. Conclusions

This work demonstrates, for the first time, the possibility to
achieve bone ingrowth into open-pore CoCr constructs fabricated
using electron beam melting, and attests to the potential for
achieving osseointegration of bone-anchored CoCr implants with
the possibility to customise the macro-geometry of the construct
for clinical load-bearing applications. Ti6Al4V (39.2 ± 3.8%) showed
higher total bone-implant contact (BIC) than CoCr (27 ± 3.7%). Nev-
ertheless, bone formation patterns around and inside open-pore
CoCr and Ti6Al4V implants were comparable, with a densification
around the implant, and gradual ingrowth into the porous net-
work, with more bone at the periphery than at the centre. Com-
pared to Ti6Al4V, the CoCr alloy does not alter the composition
of the mineralised interfacial tissue. Osteocytes make direct con-
tact with the CoCr surface, with a higher osteocyte density in the
periphery of the porous network adjacent to CoCr (vs. Ti6Al4V),
perhaps attributable to differences in the local biomechanical envi-
ronment due to the higher stiffness of CoCr.
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