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Cover illustration: Laser-ablation of titanium results in the formation of 
globular features due to resolidifiation of metal with a highly ordered 
titanium dioxide on the surface. The image shows osteocytes in bone 
communicating with an osseointegrated implant surface via the lacuno-
canalicular network. The structures have been revealed by sequential 
exposure of a resin embedded, explanted bone-implant specimen to mild acid 
and alkali solutions. Scanning electron microscopy (×10,000). 
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ABSTRACT 

By virtue of certain design features, bone anchored metal implants can be 
made to elicit a strong initial osteogenic response, i.e., the amount of bone 
formed. While quantitative differences are often lost at longer follow up 
times, do differences in the initial osteogenic response lead to long-term 
alterations in bone quality? This thesis investigates osseointegration in terms 
of bone quality, with an emphasis on the osteocyte lacuno-canalicular 
network (Ot.LCN) in relation to compositional and ultrastructural patterns 
observed at intermediate or late healing. A series of investigations was 
undertaken to study osteocyte lacunae on the forming bone surface (Paper I), 
hypermineralised lacunae of apoptotic osteocytes (Paper II), autogenous bone 
fragments found within healing sites (Paper III), bone formed adjacent to 
surface modified implants (Papers IV–VI), and bone formed within 
macroporous implants (Papers VII and VIII) using a range of analytical 
microscopy and complementary spectroscopic techniques. A directional 
relationship exists between the shape of the osteocyte lacuna and the 
underlying bone surface. The physico-chemical environment of the lacunar 
space is, however, different from the surrounding bone matrix, resulting in 
formation of a calcium phosphate phase more stable than apatite at lower pH, 
i.e., magnesium whitlockite. Connectivity between osteocytes within 
unintentionally generated autogenous bone fragments and de novo formed 
bone on their surface indicates a regenerative capacity of osteocytes. Laser-
ablation creates a hierarchical micro- and nanotopography on titanium 
implants and enhances their biomechanical anchorage. Osteocytes attach 
directly to such surfaces, while mineralised collagen fibril organisation at 
bone-implant and bone-osteocyte interfaces is similar. More osteocytes are 
retained in the vicinity of Ti6Al4V surface as manufactured by electron beam 
melting than machined Ti6Al4V. In addition to cp-Ti and Ti6Al4V (ASTM 
F136), osteocytes also attach to CoCr (ASTM F75) thus indicating a 
favourable osteogenic response of a material generally considered inferior to 
Ti6Al4V. Therefore, osteocytes reveal vital information about bone quality 
and are important structural markers of osseointegration. Evaluation of the 
Ot.LCN can be extremely beneficial in characterising the bone response to 
materials intended for bone anchored, load bearing applications. 
 
Keywords: 3D printing; apatite; biomaterials; biomineralisation; bone; bone 
quality; canaliculi; CoCr; collagen; electron beam melting; electron 
microscopy; implant; interface; in vivo; lacuna; micropetrosis; 
osseointegration; osteocyte; Raman spectroscopy; surface modification; 
Ti6Al4V; titanium; ultrastructure; whitlockite  



 

SAMMANFATTNING PÅ SVENSKA 
Osseointegrerade (benförankrade) metalliska implantat används i allt högre 
utsträckning inom tand- och sjukvården för att förankra proteser eller ersätta 
skadade anatomiska funktioner. Genom implantatdesign och ytmodifieringar 
så kan den initiala inläkningen påskyndas vilket resulterar i en ökad 
benmängd kring implantatet vid tidig fas. Vid längre uppföljningar så jämnas 
de tidiga skillnaderna i benmängd ut. Denna avhandling undersöker huruvida 
benkvaliteten också skiljer sig åt kring implantat av olika material eller 
ytmodifieringar och fokuserar mest på längre läktider då mängden benvävnad 
inte skiljer sig åt. Genom att studera hur osteocyter (benceller inbäddade i 
lakuner i vävnaden) är organiserade och sammankopplade i relation till 
benets lokala struktur och sammansättning återfås ett mått på dess kvalitet. I 
en serie undersökningar har osteocytlakuner på benbildningsytan (Studie I), 
återförslutningen av lakunen efter cellapoptos (Studie II) och relationen 
mellan osteocyter i nybildat och gammalt ben (Studie III) studerats. Vidare 
har benbildning kring ytmodiferade implantat (Studie IV-VI) och porösa 
implantat (Studie VII-VIII) studerats med olika mikroskopitekniker och 
komplementär spektroskopi. Osteocytlakunens form linjerar sig utefter 
riktningen på benmineralen i underliggande benvävnaden. Den lokala miljön 
i lakunen efter cellapoptos skiljer sig från kringliggande benvävnad vilket 
möjliggör utfällning av en annan kalciumfosfatfas, magnesium whitlockite, 
vilken är stabilare än apatit vid lägre pH. En återkoppling av kanalerna 
(canaliculi) mellan osteocytlakunerna i gammalt (benfragment från borrning) 
och osteocytlakunerna i det nybildade benets yta antyder en regenerativ 
kapacitet hos osteocyterna. Laserablering av implantatytan ökar den 
mekaniska förankringen efter inläkning. Vidare så återfinns osteocyter nära 
implantatytan med canaliculi som är i direkt kontakt med den mikro- och 
nanostrukturerade implantatytan. De mineraliserade kollagenfibrerna är 
ordnade på liknande vis vid ben-implantatytan som vid ben-osteocytlakunen. 
Fler osteocyter återfinns kring den skrovliga nativa additivt tillverkade 
implantatytan jämfört med den svarvade ytstrukturen. Vidare så återfinns 
osteocyter i direkt kontakt med koboltkrombaserade implantat, en legering 
som generellt anses ha sämre inläkningsförmåga jämfört med titanbaserade 
implantatmaterial. Sammanfattningsvis så visar dessa studier att osteocyterna 
ger viktig information om benets struktur och kvalitet och är således viktiga 
strukturella markörer för att förstå osseointegrationen. Utvärdering av 
osteocytnätverket är en viktig parameter vid testning av framtidens implantat 
avsedda för permanent förankring och belastning. 
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1 INTRODUCTION 

1.1 Bone quality 
What is meant by bone quality? Being a hierarchical material 1, the overall 
strength of bone is determined by the combination of material composition 
and the unique structural design 2. Examples of other hierarchically structured 
biological materials include abalone nacre, glass sponges, and antler bone 3, 4. 
Bone exhibits several levels of organisation with repetitive structural units at 
different length scales 5, 6. The extracellular matrix is mainly comprised of 
type-I collagen as the organic matrix phase, and ion substituted, carbonated 
apatite as the inorganic reinforcing phase. As a structural template, collagen 
functions together with mineralisation inhibitors to control the nucleation of 
amorphous calcium phosphate 7, orientates subsequent crystal growth, and is 
responsible for the size and distribution of apatite crystals in bone 8. 
Additional factors such as acidic phospholipids and proteolipids, and non-
collageneous macromolecules including osteopontin, osteocalcin, 
osteonectin, and bone sialoprotein also act as promoters or inhibitors of 
mineralisation 9, depending on factors such as phosphorylation, hydration, 
concentration, and conformation. 

Collagen mineralisation occurs both interfibrillar 10 and intrafibrillar 11. More 
than 30% of the mineral is extrafibrillar, ≤ 42% is contained within the 40 nm 
wide gap zones, and ≤ 28% is contained within the 27 nm wide overlap zones 
in the 67 nm cross-striated pattern of collagen 12. At smaller length scales, 
mineralised collagen fibrils, ~100 nm in diameter 1, are the basic building 
block of bone material. At intermediate and subsequently larger length scales, 
collagen fibrils and mineral platelets form highly anisotropic, 1–3 µm wide, 
fibre bundles or cylindrical rods 6, arranged into plywood-like sheets with 
angles of 45–80° between adjacent layers 13. Beginning as an amorphous 
precursor to crystalline platelets 14, biomineralisation processes are under 
strict spatial control of organic biomolecules. The plate-like morphology of 
apatite indicates that crystal growth occurs at different rates in all three 
directions; the crystallographic c-axis grows rapidly along the collagen fibril 
direction and is the longest dimension, while growth of the a- and b- axes is 
restricted by collagen fibrils opposite to these faces 15. For intrafibrillar 
crystallisation to occur, site-specific epitaxial nucleation and growth are not 
necessary since the amorphous mineral phase is shaped by collagen prior to 
crystallisation. As apatite crystallises in the form of platelets having a 
preferred orientation, the collagen primarily acts to constrain the growth of 
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the apatite along its fast growing (001) direction 16. Tangentially surrounding 
and separating each adjacent pair of collagen fibrils are 200 nm long, 65 nm 
wide, ~5 nm thick apatite platelets, in stacks of four – as estimated from the 
average interfibril distance (~28 nm) 17-19 (Figure 1). Interestingly, such an 
arrangement of collagen and apatite is not exclusive to bone, but is also seen 
in ivory dentine 20, 21. Although mineral directionality is closely directed by 
the organic phase, what controls the spatial organisation of collagen fibrils 
remains unknown. It is postulated that osteoblasts play a role in orienting 
collagen fibrils through their basal processes 22. 

Figure 1.  Simplified model of mineralised collagen fibrils: intrafibrillar mineral 
containing 40 nm long gap zone (orange), 27 nm long overlap zone (blue), and 
extrafibrillar mineral (green). 

The relative mineral content and the degree of carbonate substitution are 
considered to be the strongest predictors of mechanical properties 23. Increase 
in the degree of mineralisation 24, concurrently declining collagen content, 
and changes in inter- and intrafibrillar crosslinking 25 contribute towards 
reduced ductility and fracture toughness of bone with advancing tissue age. 
Substitution of CO3

2- for OH- and PO4
3- changes the shape of the apatite 

crystal lattice 26, resulting in changes in the local strain environment, thus 
affecting the mechanical strength of a mineral crystal 27. In synthetic 
carbonated apatites, increased mineral crystallinity results reduced carbonate 
content, i.e., decreased carbonate-to-phosphate ratio 28, but the mineral 
crystallinity in bone may remain unchanged despite an increase in carbonate-
to-phosphate ratios 29. While bone apatite does not contain a high 
concentration of OH- groups 30, it is estimated that 40–50% of the OH- groups 
are not substituted 31, and the amount of apatite hydroxylation is related to the 
degree of atomic ordering 32. A range of analytical techniques can be used to 
investigate the hierarchical structure of bone 33, as well the ultrastructural 
organisation of collagen and apatite 34. 
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1.2 Bone formation and remodelling 
Bone is formed by the production of organic matrix, by osteoblasts, and 
subsequent mineralisation of this organic matrix. Bone remodelling units are 
made up of osteoclasts and osteoblasts organised into a cutting cone, where 
resorption occurs at the apex, and new osteoid is deposited at the base. The 
total number of these remodelling units, and therefore the rates of resorption 
and formation of bone are relatively constant 35. Bone mass is maintained 
across remodelling cycles through the coupling of cessation of resorption and 
initiation of formation, through bidirectional signalling between osteoclasts 
and osteoblasts 36. Remodelling imbalance is a consequence of unbalanced 
relative activities of osteoblasts and osteoclasts. Increased osteoclast 
activation, whether due to hormonal control or diminished mechanical 
stimulation, leads to increased bone turnover, resulting in reduced bone mass. 
As a result of increased osteoclast activity there is disproportionate reduction 
in bone strength for the relative loss of bone mass. Combined with the 
formation of stress risers within the trabecular matrix, loss of bone strength 
and mass increases the risk of pathological (e.g., osteoporotic) fractures. 
Decreased osteoblastic activity contributes equally to this imbalance. 

1.3 Osteocytes 
Distributed throughout the mineralised extracellular matrix, osteocytes reside 
within confined spaces called lacunae, and are considered the master 
orchestrators of skeletal activity 37. They play critical roles in bone formation 
and remodelling 38. Osteocyte-driven control of bone formation is through the 
SOST/Sclerostin mechanism 39, while osteocyte-driven control of bone 
remodelling is through the signalling mechanism involving receptor activator 
of nuclear factor-κB ligand (RANKL), RANK, and osteoprotegerin (OPG) 40. 
It is estimated that ~42 billion osteocytes reside within the average human 
skeleton, of which ~9 million osteocytes are replaced throughout the skeleton 
everyday 41. From a polygonal shaped cell on the bone surface, i.e., as an 
osteoblast, the transformation towards a stellate phenotype is dramatic. The 
cell, once embedded in bone, especially cortical bone, has a polarity, 
particularly with respect to the direction of mineral formation 42. Dendrite 
formation by embedding osteoid-osteocytes is initially polarised towards the 
bone surface, i.e., the mineralisation front. In the direction of blood vessels, 
dendrites begin to appear later once mineralisation begins to spread around 
the cell. Dendrite formation varies also between static and dynamic 
osteogenesis 43, 44. Several theories have been proposed to explain the 
transformation of osteoblasts into osteocytes 45 (Figure 2). 
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Figure 2. Theories of osteoblast-osteocyte transformation. 1. Bone is laid down in 
all directions by unpolarised osteoblasts, and the cells become trapped by their 
own secretions. 2. Individual osteoblasts are polarised and lay down bone in one 
direction only, but those within adjacent layers are polarised differently. Bone is 
deposited in all directions and osteoblasts become trapped. 3. Osteoblasts of each 
layer are polarised in the same direction and each successive generation buries 
the preceding one in bone matrix. 4. Within one layer, some osteoblasts slow 
down their rate of bone deposition, and become trapped by the secretions of their 
neighbouring cells. 5. Osteoblasts are highly polarised and function in a 
synchronised manner. The outcome is acellular bone as all cells move away from 
the bone formation front as bone matrix is deposited [inspired from 45]. 
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1.3.1 Sequence of entrapment and burial 
Osteoblasts on the bone surface that are destined to undergo transformation 
into osteocytes slow down the production of extracellular matrix, relative to 
neighbouring osteoblasts 45. Studies suggest that only one in ~67 osteoblasts 
is entrapped during the time interval necessary to complete the passages from 
the flattening of the preosteocyte to the closure of the lacuna 46, and eventual 
burial within the bone matrix 47 (Figure 3). Inside a lamellar system, 
osteoblasts have limited freedom with regard to lateral sliding, and can only 
move in the direction perpendicular to the plane of bone apposition 22. In the 
first and perhaps the only account of this nature, Jones et al. described an 
association between the shape and directionality of osteoblasts and the 
orientation of the underlying collagen fibres, and reported that up to 80% of 
the surface osteoblasts are oriented within 0° and 30° to the collagen fibre 
direction 48. The cell membrane of the osteoblast shows corrugations and 
finger-like projections towards the bone surface, i.e., on the undersurface of 
the cell. Assuming temporal and spatial synchronisation of all the osteoblasts 
within the same layer, such morphological adaptations provide important 
insights into the regular polarisation and organisation of collagen fibrils into 
more compact bundles, in osteonal lamellae 22. 

Figure 3.  Sequence of changes in cell 
volume and cell shape during the 
osteoblast-osteocyte transformation. An 
osteoblast (yellow) slows down matrix 
production and becomes trapped within the 
matrix produced by neighbouring 
osteoblasts [inspired from 46].  
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1.3.2 Osteocytes as mechanotransducers 
Osteocytes, through their cellular processes 49-51 are highly mechanosensitive 
and alter the production of a multitude of signalling molecules triggered with 
a mechanical stimulus, enabling them to locally modulate osteoblast and 
osteoclast activity, in vitro 52 (Figure 4). 

Figure 4. An overview of the central role that osteocytes play in bone remodelling 
[inspired from 53]. 

1.3.3 Osteocyte apoptosis and micropetrosis 
A condition in which osteocyte canaliculi, and the lacunae to a lesser extent, 
become occluded with mineralised tissue was termed micropetrosis by H. M. 
Frost 54, Fragments of apoptotic osteocytes within the lacunar space are 
replaced by mineral nodules 55, 56, which in osteoporotic human bone are 
poorly crystalline, magnesium-incorporated hydroxyapatite 57. These mineral 
nodules may coalesce 58, thereby giving rise to hypermineralised lacunae that 
increase the fragility of ageing bone 59. The osteocyte density has been shown 
to decline in association with accumulation of microdamage, with advancing 
age 60. Osteocyte survival is a significant determinant of extracellular matrix 
volume 61, and a strong association exists between decreased osteocyte 
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density and increased porosity 62. Moreover, osteocyte lacunar porosity can 
be used to predict bone matrix stiffness 63. 

1.3.4 The enigma of anosteocytic bone 
Interestingly, not all bone contains visible osteocytes. This is particularly true 
for certain types of fish, e.g., billfish 64-66. But despite the lack of osteocytes 
and a rather featureless appearance, there is evidence for bone remodelling, 
for instance the presence of overlapping secondary osteons indicative of 
intensive tissue repair. But without the presence of strain-sensing osteocytes, 
these observations challenge one of the most fundamental concepts in bone 
biology – osteocyte-driven remodelling.  

1.4 The lacuno-canalicular system 
The lacuno-canalicular network (LCN), however, closely represents the 
pattern of bone formation 67 and correlates with bone material quality 68. In 
human osteonal bone, the average length of the canalicular network is 
estimated at 0.074 ± 0.015 µm/µm3 69. The formation of disordered, woven 
bone precedes the formation of organised lamellar tissue 70. The presence of a 
substrate layer, on which surface osteoblasts can assemble and align, assists 
in the formation of an ordered tissue whereby the collagen fibrils are 
arranged in parallel over distances beyond the range of a single cell 68. The 
secretory territory of rat osteoblasts on the parietal bone is approximately 154 
µm2 per osteoblast 71. The spatial organisation of the extracellular matrix over 
a length scale corresponding to the size of many matrix-producing cells 
requires a coordinated action of the bone forming cells, further emphasising 
that initial spatial arrangement of these cells is a critical determinant 68.  

In osteonal bone, a highly oriented network of osteocytes is aligned in nearly 
concentric layers connected by a multitude of canaliculi 72. Between these 
cell layers are highly organised bone lamellae with near parallel collagen 
fibre orientation. In regions of older bone, canaliculi exhibit a disrupted 
appearance attributable to the remodelling process, and deposition of a 
cement line delineating the interface between the old and newly formed 
osteons. Canalicular density is greatly reduced in the vicinity of the cement 
line, confirming the notion that the surrounding old bone serves merely as a 
substrate for new bone deposition but does not necessarily guide it through 
signalling molecules 68. Primarily formed, disordered woven bone lacks a 
predominant mutual alignment between osteocytes, and the canaliculi are 
directed mainly radially from the lacuna towards the neighbouring cells. As a 
result of fewer canaliculi, the connectivity between osteocytes is reduced in 
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comparison to organised lamellar bone. There is also a lack of long-range 
order of collagen fibrils, as they are arranged concentrically around the 
osteocytes and are thus perpendicular to the radial canaliculi alignment. This 
organisation of the collagen matrix can be defined as a microlamellar 
arrangement. The osteocytes in secondarily formed lamellar bone are mainly 
aligned in layers along bone lamellae, which are connected by canaliculi 
running perpendicularly through those layers. This difference in organisation 
suggests that a single osteoblast will only organise the tissue within a certain 
radius of action that is on the same order of magnitude as the spacing 
between osteocytes in microlamellar bone, ~20–30 µm 73. However, 
osteoblasts are supported by a substrate, such as a layer of poorly organised 
bone, or a cement line, the surface osteoblasts are able to coordinate their 
activity such as to synthesise a layer of parallel ordered collagen over 
distances considerably larger than one cell 74. 

1.5 Osseointegration 
What is osseointegration, what osseointegration isn’t, and what materials do 
not osseointegrate? In classical terms “re- and new-formed bone tissues 
enclose the implant with perfect congruency to the implant form and surface 
irregularities thus establishing a true osseointegration of the implant without 
any interpositioned connective tissue” 75. Bone is considered a living tissue, 
but does bone ever stop being alive? What characterises living bone? Is there 
a component within bone, the presence or absence of which, distinguishes 
vital from non-vital tissue? It isn’t the mineral phase. It also isn’t the collagen 
which retains its integrity in mummified tissue even after 5300 years 76, and 
may be identified in poorly preserved Cretaceous period dinosaur bone 77. 

The presently accepted definition of osseointegration is “a direct – on light 
microscopic level – contact between living bone and implant” 78. More 
recently, the build-up of osseointegration has been described as an immune 
mediated foreign body reaction balance 79. Is it enough to identify collagen-
containing mineralised tissue abutting the surface of an implantable material, 
and consider it a sign of success, i.e., successful integration of an implanted 
alien material within bone – osseointegration? Indeed, as a living tissue, bone 
must respond in a variety of ways to the behaviour and characteristics of the 
implanted material. Furthermore, once osseointegration is achieved, is there a 
component within bone that is able to sense its now altered surroundings, and 
respond to the presence of an osseointegrated implant? That component is the 
osteocyte. 
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Within the healing defect, it is essential to distinguish between bone that 
forms from the implant surface, i.e., in response to the surface physico-
chemical properties of the implant surface, referred to as contact osteogenesis 
80, and bone that forms to fill the available space. Several processes 
contribute to the latter. For instance, bone that forms on the bony margin of 
the surgical defect, referred to as distance osteogenesis 80, and de novo 
formed woven bone. Often enough, originating from surgical drilling, 
autogenous bone fragments can be identified in the early stages of healing, 
which are able to support bone formation directly on their surface 81, 82. 

1.5.1 Can osseointegration be controlled? 
An extensive body of published literature suggests that the biological 
response can be improved by varying physico-chemical properties of the 
surface and the bulk of implantable devices. However, this perception of an 
improved biological response (of bone) is mainly derived from the amount of 
mineralised bone occupying the surgically created defect after a 
predetermined healing period. For metals and alloys of clinical relevance, 
e.g., titanium, an association can be drawn between a favourable biological 
response and the spontaneously formed, passivating oxide layer, the 
physicochemical characteristics of which are important for biomineralisation 
83. Ca2+ and PO4

3- ions are adsorbed more readily on (001) and (100) faces 
than on the (110) face 84. Therefore, apatite precipitation proceeds fastest on 
the (001) face of rutile where the fast growing crystallographic directions 
apatite are oriented along the substrate plane and the (001) direction points 
outwards from the surface 85. Evidence also suggests that for a given metal, 
and within certain limits, roughened surfaces perform better than smoother 
ones, i.e., the bone response is directly influenced by the implant surface 
topography 86. In contrast, there is little evidence in support of changing the 
bulk composition, e.g., from commercially pure titanium (cp-Ti) to Ti6Al4V, 
to have a detectable effect on the biological response 87, 88. Evidence suggests 
that even bioinert metals such as gold support bone formation to a certain 
extent 89. The question then is, with the exception of metals having well-
documented adverse reactions, e.g., nickel or copper, do most metals and 
alloys osseointegrate? 

At this point, it must be stated that inferences about in vivo osseointegration 
cannot be made from in vitro experiments. Although viability, proliferation, 
differentiation, extracellular matrix production etc. of relevant types of cells 
cultured on implant surfaces can be tested, there are countless limitations and 
caveats in the interpretation and translation of such information. Clinically, 
the success of an implanted device intended for long-term, load-bearing 
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applications is determined by anchorage and retention. The retention of an 
implanted device is determined by the proportion of the implant surface 
interfacing mineralised bone (i.e., bone-implant contact) without intervening 
soft tissue in addition to the extent of bone filling (i.e., bone area, or bone 
volume). Indeed, other parameters such as bone quality have an important 
role to play in establishing whether the formed bone is healthy and 
mechanically competent. Bone quality encompasses the microstructure as 
well as the composition of the extracellular matrix. 

1.6 The bone-implant interface 
In the context of this thesis, the term ‘implant’ is restricted to metal or alloy 
devices intended for permanent anchorage in bone. The term ‘interface’, 
however, takes on a considerably broader meaning. Etymologically, interface 
(noun) is “a surface forming a common boundary between two portions of 
matter or space, for example between two immiscible liquids” 90. However, 
interface (verb) also means “(to) interact with” 90. The bone-implant interface 
must therefore be understood as a wide zone in which many kinds of 
complex physical and chemical interactions take place between the surface of 
an inanimate implant and the surrounding physiological system. 

In contrast to degradable biomaterials, such as ceramics and polymer 
composites, where the boundary between the material surface and the 
surrounding tissue migrates over time 91, the boundary between non-
degradable metals or alloys and the surrounding tissue remains static. It is 
therefore possible to make inferences, morphologically, about the direction of 
bone formation with respect to the implant surface. Furthermore, changes in 
the extracellular matrix composition and structure with respect to healing 
time and distance from the implant surface can be readily explored. Localised 
variations in tissue composition, therefore, can provide extensive information 
about the dynamic processes of extracellular matrix formation and 
mineralisation, and bone turnover at the bone-implant interface. 

Historically, the ultrastructural arrangement of the bone-implant interface has 
been subject to much debate since a large number of variables, including the 
in vivo model and species-specific characteristics, healing time point(s), 
physico-chemical properties of the implant surface, implant geometry, 
sample preparation route(s) and associated artefacts, analytical technique(s) 
and their limitations, and the use of systemically compromised animals to 
study bone healing in conditions such as osteoporosis, diabetes etc. In the 
early years, bone healing around metal implants was investigated mainly by 
histology and transmission electron microscopy (TEM). While histology 
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required extensive sawing and grinding, the Sage-Schliff technique, as 
described by Donath and Breuner 92 in their seminal work on studying 
mineralised tissues without the need for decalcification, preparation of 
ultrathin specimens for transmission electron microscopy remained a 
formidable challenge. It is difficult to obtain reproducible, electron 
transparent sections of mineralised bone abutting a metal implant using 
ultramicrotomy – the state-of-the-art technology available at the time for 
routine work. Some of the challenges were overcome through creative sample 
processing strategies and altering the implant design. For instance, instead of 
bulk metal, polycarbonate plugs onto which a thin layer of titanium could be 
deposited were utilised by Albrektsson et al. 93. With this approach, Linder et 
al. 94 identified collagen fibrils as close as 20 nm of the titanium surface 
while osteocytes were found to approach the implant surface through 
cytoplasmic extensions. The so-called fracture technique was developed by 
Thomsen and Ericson 95, whereby the metal implant was separated from the 
resin embedded bone under a dissecting microscope. This, however, 
necessitated decalcification in 10% ethylenediaminetetraacetic acid (EDTA; 
C10H16N2O8) for up to three weeks. Although this method precluded 
investigation of the mineral component of the extracellular matrix, the 
organic and cellular components could still be visualised. 

The idea of separating the metal implant from the resin embedded bone was 
further explored in a series of investigations by Steflik et al. 96-98 to evaluate, 
relatively thick, undecalcified sections by high-voltage transmission electron 
microscopy. These experiments revealed a mineralisation pattern of the 
implant surrounding bone that was similar to those events occurring naturally 
within the host bone. Osteocytes within lacunae were routinely found close to 
the implant interface and their morphology was similar irrespective of the 
distance from the implant surface. They reported an electron dense deposit at 
the interface, approximately 20–50 nm thick, and densely mineralised 
collagen fibrils running parallel to the implant surface. This dense 
mineralised tissue was separated from the interface by a mineralised but 
finely fibrillar matrix, approximately 200 nm thick. They also observed 
osteocyte processes within canaliculi extending directly to the implant 
surface. They proposed that the bone-implant interface zone is primarily 
fibrillar, both mineralised and unmineralised, and that unmineralised 
extracellular matrix initially is laid down directly at the implant surface, and 
this matrix is subsequently mineralised. Sennerby et al. 99 also reported 
canaliculi extending from osteocytes close to the implant surface. 

Yet another description of the in vivo bone-implant interface was that of an 
approximately 500 nm thick, collagen-deficient cement line matrix, proposed 
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by Davies 100, based on osteogenic cell cultures in the absence of ascorbic 
acid, whereby collagen production is prevented. This cement line matrix 
appears globular and interdigitates with the implant surface. Interestingly, in 
vivo, such a cement line matrix has only been demonstrated after mechanical 
separation of the bone from the implant, and visualising thin remnants of 
bone that remained attached to the implant surface after the samples with 
sodium hypochlorite (NaOCl; 3% solution) 101, 102, a reagent used frequently 
to deproteinise bone 103, 104. In normal bone, however, the precise composition 
of cement lines associated with secondary osteons, whether poorly 
mineralised 105 or collagen deficient 106, is heavily disputed. Using 
immunocytochemical techniques, the non-collagenous component of the 
organic matrix was explored by Nanci and co-workers 107, 108 who reported 
accumulation of osteopontin and bone sialoprotein at the bone-implant 
interface. Using a modified fracture technique in combination with 
immunocytochemical techniques, Ayukawa et al. 109 identified osteocalcin, in 
addition to osteopontin, at the bone-implant interface. Although these 
strategies were instrumental in generating fundamental information regarding 
the nature of the bone-implant interface, they had considerable limitations. 
For instance, the presence of type-I collagen had been interpreted from the 
periodic cross-striated pattern of alternating gap and overlap zones, as seen in 
normal bone. Importantly, electron dense areas were simply assumed to be 
hydroxyapatite, without specific identification of the mineral phase. TEM 
was only used for imaging and no associated analytical techniques were used. 
The use of focused ion beam scanning electron microscopy (FIB-SEM) 
revolutionised the preparation of electron transparent samples of the bone-
metal interface for TEM. FIB-SEM made it possible to obtain, in a site-
specific manner, intact specimens without the need for separating the metal 
from bone or decalcification of mineralised bone. The presence of 
hydroxyapatite was demonstrated adjacent to an anodically oxidised cp-Ti 
dental implant 110. Later, the presence of hydroxyapatite was also 
demonstrated adjacent to a few nanometre-thick amorphous titanium oxide 
layer on a machined, cp-Ti orthopaedic implant 111. 

1.7 Enhancing osseointegration 
Osteoconductivity of titanium implants can be improved by increasing the 
surface roughness, and therefore also the surface area 86, 112. The most 
frequently used methods have been titanium plasma-spraying, grit blasting, 
acid etching, and anodic oxidation 113. For example, anodically oxidised cp-
Ti implants enhance the biological response through regulation of 
mechanisms involving RANK, RANKL, and OPG 114. 
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Increase in surface area by introduction of nanoscale topography greatly 
increases the surface energy, which consequently increases the wettability of 
the surface. Higher wettability increases the affinity of the surface for blood 
and adsorption of fibrin and other biomolecules. Nanotextured surfaces 
therefore favour cellular attachment and tissue healing, and promote 
processes occurring immediately after implantation 115, 116. TiO2 nanotubes, 
~100 nm outer diameter and ~10 nm wall thickness, produced by anodic 
oxidation have been shown to greatly improve in vivo mechanical retention 
117. By altering the composition of the electrolyte solution, and other 
parameters such as voltage and current density, the physico-chemical 
properties of anodically oxidised surfaces 118, and the diameter and the 
spacing between nanotubes 119 can be modulated. The precise dimensions of 
nanoscale features on the implant surface, e.g., generated by oxidative 
nanopatterning, can have a profound effect on cellular response 120-122. 

1.7.1 Contamination-free hierarchical structuring 
For modification of metal and alloy surfaces, the laser is a versatile tool 123, 
and offers several key advantages over traditional methods such as grit-
blasting, acid-etching, and anodic oxidation. Of these, the foremost is the 
possibility to achieve site-specific surface alteration. For example, 
hierarchical textures comprised of pits, grooves, and ablation tracks can be 
created at intentionally selected locations. This is challenging to achieve with 
traditional methods where the surface modification is applied homogenously 
to the entire exposed surface. At relatively low pulse energies, high laser 
output power can be achieved by high pulse repetition rates or by short pulse 
durations. Picosecond (10-12 s) and femtosecond (10-15 s) 124-126 lasers thus 
allow extremely high precision machining of metals, with low thermal load, 
and no chemical reaction products. Importantly, in contrast to the more 
conventional techniques, contaminants are not introduced onto the surface 
during the laser machining process 127, 128. For clinically relevant metals such 
as titanium, localised increase in temperature and reaction with ambient 
oxygen results in the development of a thickened surface oxide layer, which 
influences the osteoconductive behaviour and facilitates tissue bonding 129. 
Melting and resolidification upon cooling of metal at the surface greatly 
enlarge the available surface area with obvious benefits for biomechanical 
anchorage of implantable devices. Frequently used lasers include the 
Neodymium-doped yttrium aluminium garnet (Nd:YAG), Copper-vapour 
laser,  Nd:Glass (silicate or phosphate glasses), and the Excimer laser. 
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1.7.2 3D printing of open-pore geometries 
Additive manufacturing has the potential to overcome many of the challenges 
faced in traditional machining of metals 130, 131. Structures are built up by 
sequentially melting successive thin layers of powder. Material is added, not 
removed, and complex innovative designs can be produced in an intentional, 
controlled, predetermined manner. Medical implants with integrated open-
pore architectures can be readily produced from a computer-aided design 
(CAD) file, enabling either mass production of well-defined implants or 
customised implants based on patient-specific diagnostic imaging 132, 133. 
Electron beam melting (EBM) is one such additive manufacturing technique 
used for load bearing metal implants whereby the overall stiffness of 
constructs of clinically relevant metals and alloys can be tailored 134. 

For orthopaedic applications, metal implants having an interconnected open-
pore structure are of particular interest due to their potential ability to 
facilitate tissue ingrowth, and present the possibility for reducing the stiffness 
mismatch between the load-bearing metal implant and bone, thus eliminating 
stress-shielding effects 135. Due to their high stiffness, metallic devices take 
most of the load, producing stress shielding in the adjacent bone. Reduced 
mechanical stimulation may induce resorption of surrounding bone, leading 
to implant loosening and failure of osseointegration 136, 137. 

With the use of EBM, the elastic modulus of porous Ti6Al4V can be tailored 
to be similar to that of bone, thus minimising the stress shielding effect 138. 
The native EBM surface allows bone ingrowth into the surface irregularities, 
with bone-implant contact levels at par with machined surfaces prepared by 
wrought and EBM techniques 139. Moreover, implants with an interconnected 
open-pore structure support bone formation not only around the implant but 
also within the porous network, with high levels of bone-implant contact and 
bone volume 140. As the starting powders for EBM are prepared by 
atomisation, the powder particles used in the fabrication process and 
therefore the surfaces of EBM manufactured constructs do not exhibit a high 
degree of sub-micron scale roughness. 

In addition to Ti6Al4V, CoCr alloys are also used extensively in orthopaedic 
reconstructive surgery for their high strength and wear properties 141-143. The 
clinical results of uncemented, CoCr femoral stems, having a sintered porous 
surface appear promising 144, allowing bone ingrowth into the intricate porous 
coated surface 145. Periprosthetic bone loss around femoral stems is a matter 
of concern, even with Ti6Al4V alloys, which otherwise have an outstanding 
clinical record. Postoperatively, while limited weight-bearing and aseptic 
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loosening are implicated as factors contributing to bone loss 146, it is believed 
that the high stiffness of CoCr is the primary cause of stress shielding and 
bone resorption 147. The extent of stress shielding experienced by bone 
around a bone-anchored device depends on the interfacial bonding 
characteristics, e.g., whether the bone-anchored device is cemented or 
uncemented, the presence of a surface coating, and the possibility for bone 
ingrowth 137. Stress shielding also dependent on the structural stiffness, which 
is principally related to the bulk and the elastic modulus of the material 137. 
Indeed, the overall stiffness of a metal implant and the stress shielding in 
bone may be reduced by design modifications. 

CoCr alloys are often considered inferior to titanium (typically Ti6Al4V) 
alloys in terms of osseointegration and biomechanical fixation 148, 149. 
However, to make use of the superior mechanical and tribological properties 
of CoCr, attempts have been made to improve the biological response to 
CoCr implants the application of various coatings 150, 151. Interestingly, no 
differences are observed between uncoated, solid Ti6Al4V and CoCr 
implants on the histological 152 and the ultrastructural 153 levels. Furthermore, 
recent findings suggest that EBM manufactured, solid, CoCr implants 
osseointegrate without adverse tissue reactions 154. Nevertheless, bone 
ingrowth into porous CoCr constructs has not been evaluated, and little is 
known about the precise biological and tissue response to such materials. 

1.8 Osseointegration in terms of bone quality 
Does a strong, early osteogenic response to certain design features of an 
implant lead to mechanically and functionally competent tissue, with long-
term alterations in bone quality? Implant surfaces believed to elicit a stronger 
osteogenic effect tend to do so, mainly, during early healing. Quantitative 
differences in the amount of bone formed as a result of the osteogenic 
potential attributed to an implant surface are often lost at longer follow up 
times. Injected fluorescent labels can be used to study bone formation 
kinetics 155, 156, but problems also arise with their use since these molecules 
bind to mineralised surfaces and alter certain characteristics of the mineral 
phase, including mean particle thickness and degree of alignment 157. The 
following work addresses some of these questions, and investigates 
osseointegration in terms of bone quality, with particular emphasis on 
identifying compositional and ultrastructural patterns in the interfacial tissue 
at intermediate or late healing periods. 
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2 AIM 
This thesis aims to establish novel correlative strategies, e.g., extracellular 
matrix composition and morphological changes in the osteocyte lacuno-
canalicular (Ot.LCN) system, to characterise bone healing around metal and 
alloy implants, at intermediate and/or long healing periods. 

2.1 Specific aims 
The specific aims of the papers included in this thesis were the following: 

–To determine the ultrastructural relationship between the shape of the 
osteoblastic-osteocyte lacunae (Ot.Lc) and the orientation and the directional 
coherency of mineral platelets at the Ot.Lc floor [Paper I]. 

–To investigate post-apoptotic mineralisation of the osteocyte lacuna in 
human alveolar bone, with and without bisphosphonate exposure [Paper II]. 

–To evaluate if osteocytes in autogenous bone fragments, generated during 
implant site preparation, can restore disrupted canalicular networks and 
connect with osteocytes in de novo formed bone on the surface of such 
fragments [Paper III]. 

–To investigate the biomechanical anchorage and osseointegration of laser-
modified, cp-Ti implants having a hierarchically structured surface in a rabbit 
model after eight weeks in vivo [Paper IV]. 

–To study osseointegration of functionally loaded, laser-modified, cp-Ti 
implants having a hierarchically structured surface [Paper V], and the 
ultrastructure of the osteocyte-implant interface [Paper VI] in human after 
four years in vivo. 

–To investigate osseointegration of 3D printed, macroporous and solid 
Ti6Al4V implants in a sheep model after six months in vivo [Paper VII]. 

–To investigate osseointegration of 3D printed, macroporous CoCr and 
Ti6Al4V implants in a sheep model after six months in vivo [Paper VIII]. 
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3 MATERIALS AND METHODS 
In the following work, several in vivo models, anatomical locations, implant 
materials and their geometry, and specific design features were included 
(Table 1). Experiments involving human alveolar bone biopsies [Paper II] 
were approved by the Regional Ethical Review Board, Göteborg. 
Experiments involving rats [Paper III] and rabbits [Paper IV] were approved 
by the local Animal Ethics Committee at the University of Gothenburg, 
Göteborg. All procedures performed in studies involving animals or humans 
were in accordance with the ethical standards of the institution at which the 
studies were conducted. 

3.1 Implant fabrication 

3.1.1 Selective laser ablation 
Site-specific surface modification was achieved by ablation with a Q-
switched Nd:YAG laser (Rofin-Sinar Technologies Inc., Plymouth, USA). 
The technique allows generation of a pulsed output beam, with extremely 
high peak power, considerably higher than would be produced by the same 
laser operated in a constant output (continuous wave) mode. A pulsed 1064 
nm wavelength laser focused to spot sizes of 100–125 µm was operated in 
ambient air, on rotating implants to achieve a hierarchical structure of 1–10 
µm features with a superimposed nanotexture confined to the implant thread 
valley, reaching no greater than 30% of the thread height on each flank 
[Papers IV–VI]. 

3.1.2 Electron beam melting 
Two types of Ti6Al4V implants, solid and porous, were manufactured in an 
Arcam EBM S12 system. The porous implants retained the EBM surface. To 
obtain the solid implants, cylindrical rods produced during the same build 
cycle were machined to remove the EBM surface [Paper VII]. Porous, 
Ti6Al4V and CoCr implants were manufactured in an Arcam EBM A1 
system [Paper VIII]. All EBM produced implants were 7 mm in length and 
5.2 mm in diameter. Plasma-atomised Ti6Al4V and gas-atomised CoCr 
powders, having particle sizes < 100 µm, were used. The average build 
temperatures were 680°C for Ti6Al4V and 780°C for CoCr. All implants 
were blasted with the same powder as they were built of and a shallow notch 
was machined in the top surface to facilitate implant placement.  
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Table 1. Summary of in vivo models, anatomical locations, implant materials 
and their geometry, and specific design features included in this thesis. 

 Bone Implant 

Paper Species Location Material and geometry Design features 

I 158 Sheep Tibia, femur   

II Human Alveolar bone 
(maxilla, 
mandible) 

  

III 159 Sprague 
Dawley 
rat 

Tibia Cp-Ti. 2 mm diameter; 
2.3 mm length. Screw-
shaped 

With and without 
commonly applied 
surface modifications 

IV 160 New 
Zealand 
white 
rabbit 

Tibia Cp-Ti. 3.75 mm 
diameter; 5 mm length. 
Screw-shaped 

Nd:YAG laser 
ablation. Machined 
(Ctrl) 

V 161 Human Alveolar bone 
(maxilla) 

Cp-Ti. 3.5 mm diameter; 
13 mm length. Screw-
shaped  

Nd:YAG laser 
ablation 

VI 162 Human Alveolar bone 
(maxilla) 

Cp-Ti. 3.5 mm diameter; 
13 mm length. Screw-
shaped 

Nd:YAG laser 
ablation 

VII 163 Sheep Distal femur Ti6Al4V. 5.2 mm 
diameter; 7 mm height. 
Macroporous; cylindrical 
rods 

EBM; 
EBM+Machined 
(Ctrl) 

VIII 164 Sheep Distal femur Ti6Al4V; CoCr. 5.2 mm 
diameter; 7 mm height. 
Macroporous 

EBM 
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3.2 Analytical techniques 

3.2.1 Scanning electron microscopy 
In a scanning electron microscope (SEM), interaction between the incident 
electrons and atoms in the sample generates various signals that contain 
information about the topography and composition of the sample surface. 
High vacuum conditions in a conventional SEM require samples to be clean, 
dry, and electrically conductive. Non-conductive samples must be coated 
with a conductive film to avoid static charge build-up.  

Secondary electron imaging 
Secondary electrons (SE) are low-energy (< 50 eV) electrons typically 
ejected from the K shell of the atoms in the sample, as a result of inelastic 
scattering interactions with the incident electrons. SEs originate from within 
a few nanometres from the sample surface due to their low-energy, and are 
collected by the electrically biased (300–400 V) Everhart-Thornley detector, 
positioned off axis. An in-lens detector positioned in a rotationally symmetric 
arrangement inside the electron column can also collect SEs. At low 
accelerating voltages, images can be generated with high contrast based on 
the work function on the sample. Therefore, in addition to surface 
topography, information about the composition can also be obtained at high 
lateral resolution. In this work, an Everhart-Thornley detector has been used 
for imaging deproteinised bone and the osteocyte lacuno-canalicular network 
(Ot.LCN) after resin cast etching, while an in-lens detector has been used for 
imaging implant surfaces. 

Backscattered electron imaging 
Backscattered electrons (BSE) are high-energy electrons that are deflected by 
very high angles out of the specimen interaction volume by elastic scattering 
interactions with atoms in the sample.  The BSE Z- (atomic number) contrast 
can be used to detect contrast between regions on the sample surface having 
different average atomic numbers, since heavier elements (high Z-) 
backscatter electrons more efficiently than lighter elements (low Z-) and thus 
appear brighter in the image. BSE detectors are positioned above the sample 
in a ring shaped arrangement, concentric with the electron beam. In this 
work, the BSE mode has been used to image polished surfaces of mineralised 
bone, where well-mineralised regions give high Z- contrast while 
unmineralised structures such as osteocyte lacunae exhibit low Z- contrast 
and can be easily identified and quantified. 
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Environmental scanning electron microscopy 
Non-conductive samples can be imaged without modification from their 
natural state in an environmental scanning electron microscope (ESEM). 
Thus their original characteristics may be preserved. An imaging gas, 
typically water vapour, is introduced into the sample chamber. These gas 
molecules can scatter the electrons and degrade the electron beam. Therefore 
high vacuum is maintained throughout the electron column, by using multiple 
pressure limiting apertures to isolate the sample chamber from the electron 
column rather than using a single pressure limiting aperture (as in a 
conventional SEM). The sample chamber may, however, sustain high 
pressures. A highly energetic primary electron beam penetrates the water 
vapour with little apparent scatter. SEs released from the sample surface (as 
in a conventional SEM) encounter water vapour molecules. When hit by the 
SEs, the water vapour molecules produce SEs themselves, which in turn 
produce SEs from neighbouring water vapour molecules. The original SE 
signal from the sample is thus amplified, and collected at the electrically 
biased (600 V) gaseous secondary electron detector (GSED). BSEs pass 
through the gaseous volume and induce additional ionisation and generate 
amplification. In an ESEM, static charge build-up is neutralised by the strong 
positive bias on the GSED, driving the now positively charged water vapour 
molecules towards the sample surface. In this work, an ESEM has been used 
for BSE imaging of mineralised bone and determining osteocyte density, the 
average number of osteocytes per mineralised surface area (N.Ot/B.Ar). 

Resin cast etching 
The resin cast etching technique uses resin embedded bone or bone-implant 
blocks to expose and directly visualise the three-dimensional Ot.LCN 
(Figure 5). This is achieved by preferential removal of mineralised tissue 
leaving resin-infiltrated osteocyte lacuno-canalicular and the vascular 
networks intact. The samples are initially wet polished using SiC paper from 
400 grit (~35 µm particle size) to 4000 grit (~2.5 µm particle size). Regions 
of interest are identified by low vacuum BSE imaging in an ESEM. The resin 
embedded blocks are then immersed sequentially in 9% ortho-phosphoric 
acid and 5% sodium hypochlorite to remove the inorganic and organic 
components, respectively, leaving behind a resin filled cast of osteocytes, 
canaliculi, and blood vessels. The samples are sputter coated with a thin Au 
layer (~10 nm) for high vacuum SE imaging. Resin cast etching has been 
used to determine the osteocyte density, i.e., the average number of 
osteocytes per mineralised surface area (N.Ot/B.Ar) and the number of 
osteocyte canaliculi per osteocyte lacuna (N.Ot.Ca/Ot.Lc). 
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Figure 5. Resin cast etching technique for direct visualisation of the osteocyte 
lacuno-canalicular network. 

3.2.2 Transmission electron microscopy 
In a transmission electron microscope (TEM), an accelerated beam of 
electrons travels through an electron transparent (~100 nm thick) sample, 
resulting in a variety of interactions between the incident electrons and the 
atoms in the sample. In bright field TEM, the direct beam is collected, and 
therefore mass-thickness and diffraction contrast contribute to image 
formation. The information is a mixture of elastic and inelastic scattering. 
Scanning transmission electron microscopy (STEM) uses a fine, convergent 
electron beam that is rastered across the sample. At each step, the generated 
signal is simultaneously recorded by the detector(s) of choice. Such a 
convergent beam generates a highly localised signal from the sample, and is 
used for energy dispersive X-ray spectroscopy (EDX) and electron energy 
loss spectroscopy (EELS). High-angle annular dark field (HAADF-) STEM 
uses a ring-shaped detector that collects electrons scattered to very high 
angles and almost exclusively incoherent Rutherford scattering contributes to 
the image. Z- contrast is thus achieved. In comparison, annular dark field 
(ADF-) STEM also uses a ring-shaped detector, but of considerably smaller 
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diameter than the HAADF- detector. The electrons used for image formation 
are also scattered, but at smaller angles, and therefore the contrast mainly 
results from electrons diffracted in crystalline areas of the sample with some 
contribution from incoherent Rutherford scattering. This work mainly uses 
HAADF-STEM and bright field TEM for imaging the ultrastructural 
organisation of collagen and apatite in bone formed adjacent to implant 
surfaces. Electron transparent specimens were prepared using the in situ lift-
out technique on a focused ion beam scanning electron microscope (FIB-
SEM). In addition to an electron column, a FIB-SEM has an ion column 
positioned at 52° to the electron column. Using a finely focused beam of 
ions, e.g., gallium (Ga+), imaging can be performed at low beam currents 
while high beam currents are used for site-specific milling. 

Energy dispersive X-ray spectroscopy 
Energy dispersive X-ray spectroscopy (EDX) uses the X-ray spectrum 
emitted by a sample when bombarded with a beam of sufficiently energetic 
electrons to obtain site-specific chemical analysis. A core hole is created 
when an atom in the sample is ionised by the primary electron beam. An 
electron from an outer shell transitions into the core hole, generating a 
characteristic X-ray with the corresponding energy. EDX can be performed in 
the SEM using bulk samples with minimal sample preparation, or in a TEM 
using electron transparent samples. In this work, EDX has been used to 
investigate the elemental composition of deproteinised bone, de novo formed 
bone on autogenous bone fragments, bone interfacing different implant 
surfaces, and hypermineralised osteocyte lacunae. 

Electron energy loss spectroscopy 
In electron energy loss spectroscopy (EELS), a thin sample is exposed to a 
beam of electrons of a known narrow range of kinetic energies. As they travel 
through the sample, some of the incident electrons undergo inelastic 
scattering, i.e., they lose energy and are deflected slightly from their original 
paths. The amount of energy lost can be measured using an electron 
spectrometer, to identify what caused the energy losses. Inner shell 
ionisations are useful for detecting the elemental constituents of a sample. In 
this work, EELS has been used to map the distribution of Ca at the bone-
implant interface, and C, Ca, O in hypermineralised ostecyte lacunae. 

Selected area electron diffraction 
In a TEM, a thin specimen is subjected to a parallel beam of high-energy 
electrons. The atoms in the sample behave as a diffraction grating to the 
incident electrons, a fraction of which is scattered to specific angles, 
determined by the crystal structure of the sample. The resulting image, the 
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selected area diffraction (SAED) pattern, is a projection of the reciprocal 
lattice appearing as a series of spots or rings (or a combination of both), each 
corresponding to a satisfied diffraction condition of the sample's crystal 
structure. Single crystals exhibit discrete spot pattern while polycrystalline 
materials exhibit ring patterns. In this work, SAED has been used to 
determine the crystallographic orientation of bone apatite, and to identify and 
probe the degree of long-range calcium phosphate phases found in bone. 

Electron tomography 
Electron tomography (ET) and 3D reconstructions allow a comprehensive 
analysis of bone ultrastructure at interfaces 165-167. An electron transparent 
sample is tilted over a predetermined angular range, e.g., ± 70°, HAADF-
STEM images are collected at each tilt step, e.g., 1–2°. HAADF-STEM 
images suppress diffraction contrast, and the obtained information correlates 
with the elemental composition of the analysed volume. 

3.2.3 Raman spectroscopy 
Raman spectroscopy is based on inelastic scattering of photons, the Raman 
effect, by the molecules in a sample. Most photons are elastically scattered 
(Rayleigh scattering) whereby the emitted photon has the same wavelength 
(or energy) as the incident photon. On rare occasion (1 × 10-7 photons), the 
incident photon energy can excite vibrational modes of the molecules, 
resulting in the scattered photons having a frequency lower than that of the 
incident photons, and the difference in energy corresponds to the vibrational 
transition energy. This shift in energy of the inelastically scattered radiation 
provides chemical and structural information. In this work, Raman 
spectroscopy has been used to investigate the composition of bone, and the 
relative amounts of extracellular matrix components, e.g., phosphate groups 
(representing bone apatite), carbonate groups, amide groups (representing 
type-I collagen), as well as amino acids such as proline (Pro), hydroxyproline 
(Hyp), phenylalanine (Phe), tyrosine (Tyr) etc. The investigated Raman 
metrics included mineral crystallinity, taken as the reciprocal of the full-
width at half-maximum (1/FWHM) of the ν1 PO4

3- peak, apatite-to-collagen 
ratio, also referred to as the mineral-to-matrix ratio (ν2 PO4

3-/Amide III; ν1 
PO4

3-/Amide I), carbonate-to-phosphate ratio (ν1 CO3
2-/ν1 PO4

3-; ν1 CO3
2-/ν2 

PO4
3-), carbonate-to-matrix ratio (ν1 CO3

2-/Amide I ratio), Amide I/Amide III 
ratio. The relative amounts of proline (Pro/ν1 PO4

3-), phenylalanine (Phe/ν1 
PO4

3-), and tyrosine (Tyr/ν1 PO4
3-), phenylalanine-to-tyrosine (Phe/Tyr) ratio, 

and phenylalanine-to-carbonate (Phe/ν1 CO3
2-) ratios were also investigated. 

Additionally, Raman spectroscopy has been used to identify other calcium 
phosphate phases found within hypermineralised osteocyte lacunae.   
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3.2.4 Other analytical techniques 
X-ray micro-computed tomography 
X-ray micro-computed tomography (micro-CT) produces 3D images of the 
internal structure of a specimen, nondestructively, at micrometre level spatial 
resolution, and requires minimal sample preparation. The sample is 
continuously rotated, and a series of 2D X-ray projection images is acquired 
and mathematically reconstructed to generate a 3D map of X-ray absorption 
in the volume. In this work, micro-CT has been utilised for the assessment of 
implant geometry and bone formation in relation to metal implants. 

Histology and histomorphometry 
For histology and histomorphometry, this work has utilised ground sections 
stained with toluidine blue. It is a basic thiazine (C4H5NS) metachromatic dye 
that selectively stains acidic tissue components, particularly nucleic acids, 
sulphates, carboxylates, and phosphate radicals. The acidophilic nature of this 
stain can qualitatively indicate the extent of bone tissue maturation. Younger, 
(or recently formed) bone contains more acid phosphate groups (HPO4

2-) to 
which the dye can bind, resulting in more intense staining than older bone. In 
bone-implant studies, histomorphometry is performed to determine the 
percentage bone-implant contact (BIC) and bone area (BA). Additionally, 
qualitative assessment of bone microstructure is performed to observe bone 
cells (osteoblasts, osteocytes, and osteoclasts), bone phenotype, bone 
marrow, inflammatory cells, fibrous tissue, and structures of non-biological 
origin such as wear debris from implant materials. 

Nanoindentation 
Indentation tests are used to measure mechanical properties, e.g., indentation 
hardness, H, and reduced elastic modulus, Er, from a contact of known 
geometry 168, 169. The indenter tip is made of diamond, formed into a three-
sided symmetric shape such as the Berkovich tip. The Oliver–Pharr method 
168 is used most frequently to determine H and Er from the obtained load-
deformation curves. H is calculated using the maximum load, Pmax, and the 
contact area under load, Ac. Er is related to elastic displacement in both the 
indenter and the specimen being investigated, and is dependent on the 
geometry of the probe, β and the stiffness at peak load, S. Typically, β = 1.0 
for spherical indenters and β = 1.034 for a triangular Berkovich probe. S is 
the slope of the unloading curve at the maximum indentation depth, and is 
obtained by fitting the upper portion of the unloading curve to a simple 
power-law expression and measuring the slope at peak load. In this work, 
nanoindentation has been used to measure H and Er of the extracellular 
matrix and hypermineralised osteocyte lacunae in human bone. 
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Biomechanical tests for implant stability and anchorage 
Resonance frequency analysis (RFA) measures the stability of an implant as 
a function of the stiffness of the bone-implant interface. Using magnetic 
pulses, a sensor mounted on top of the implant is made to vibrate. The 
vibration frequency, or the Implant Stability Quotient (ISQ), ranges between 
~1 and ~10 kHz (ISQ 1–100) and increases with increasing stability of an 
implant in bone, which is influenced by factors such as bone density, the 
degree of osseointegration, implant site preparation and implant design. 
Removal torque (RTQ) refers to the torsional force (in Ncm) necessary for 
unscrewing an implant and primarily measures interfacial shear properties. 

Deproteinisation 
The mineral phase of bone is visualised directly by rendering the bone 
anorganic. After chemical fixation, bone samples are soaked in 5% NaOCl at 
4°C for up to 72 h, followed by gentle rinsing in deionised water and 
dehydration in a graded ethanol series (50–100%). The samples are allowed 
to air dry for 24 h and conductively coated for SEM. In this work, 
deproteinisation has been used to study the orientation of mineral structures 
seen at the floor of lacunae associated with partially embedded osteocytes. 

Image analysis of mineral directionality 
The directionality of structures within an elliptical region of interest (ROI), 
e.g., the floor of lacunae associated with partially embedded osteocytes seen 
using SEM after deproteinisation, was measured in ImageJ (imagej.nih.gov/ij). 
The ROI outline is defined by manual selection of ≥ 20 points, followed by 
applying a least squares fit ellipsoid to identify the long axis of the ROI. The 
ROI is minimally rotated so that the long axis lies in the horizontal plane. 
The mean orientation with respect to the horizontal plane and coherency (of 
alignment) of structures is obtained using the OrientationJ plugin 170. 
Parameters are adjusted for particle size and pixel size considerations. 

Auger electron spectroscopy 
In Auger electron spectroscopy (AES), the sample is exposed to a beam of 
high-energy electrons capable of creating a core hole. The ionised atom 
relaxes rapidly as an electron from a higher energy level transitions to fill the 
initial core hole. The energy thus emitted is transferred to a second electron. 
A fraction of this energy is required to overcome the binding energy of this 
second electron, the remainder is retained as kinetic energy by this emitted 
Auger electron. The final state is an atom with two core holes. The initial 
ionisation is non-selective and the initial hole may be in various shells, 
therefore several possible Auger transitions exist for a given element. The 
kinetic energies of the emitted electrons are independent of the initial core 
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hole. Therefore each element in a sample gives rise to a characteristic 
spectrum of peaks at various kinetic energies. In this work, AES has been 
used here to determine the elemental composition of the implant surface. 

X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive 
technique that can be used to determine the elemental composition, and the 
chemical and electronic states of the elements within a sample. XPS spectra 
are obtained by irradiating the sample surface with a beam of X-rays, and the 
kinetic energies and number of electrons that escape from the first few 
nanometres are measured. Each element produces a characteristic set of peaks 
at characteristic binding energy values corresponding to the electronic 
configurations of the atoms within the analysed volume. In this work, XPS 
has been used to determine the elemental composition of the implant surface. 

White light interferometry 
White light interferometry is a non-contact, optical technique for measuring 
the profile of a surface. A beam splitter separates a collimated beam of 
spectrally broad, visible light into two beams – one is reflected from the 
sample surface and the other is reflected from a reference mirror. Upon 
combining, the resultant fringe pattern is determined by the phase difference 
between them. Since white light has a short coherence length, the degree of 
fringe modulation is measured rather than the phase of the interference 
fringes. In this work, white light 3D interference microscopy has been used to 
measure the surface roughness of the implant surface. 

3.3 Statistical analysis 
For statistical analysis, parametric, One-way ANOVA and Student’s t-test, 
and non-parametric tests, the Kruskal-Wallis test followed by the Mann-
Whitney U test (for independent samples), and the Wilcoxon Signed Rank 
test (for pair-wise analysis) were used. One-way ANOVA was used for 
orientation and coherency of mineral platelets at the Ot.Lc floor [Paper I]. 
The Student’s t-test was used for N.Ot.Ca/Ot.Lc [Paper VI]. The Kruskal-
Wallis test followed by the Mann-Whitney U test were used for implant 
surface characterisation [Paper IV], Raman spectroscopy, EDX, and 
N.Ot/B.Ar [Papers VII–VIII], N.Ot.Ca/Ot.Lc [Paper VII], and H and Er 
[Paper II]. The Wilcoxon Signed Rank test was used for biomechanical tests 
(RFA and RTQ) [Paper IV], histomorphometry [Papers IV and VIII], and 
Raman spectroscopy [Paper IV].All statistical analyses were performed using 
SPSS (IBM Corporation), and p values < 0.05 were considered statistically 
significant.  
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4 RESULTS 

4.1 Paper I 
This work investigates the relationship between the shape of lacunae 
associated with partially embedded osteocytes (osteoblastic-osteocytes) and 
alignment of the mineral phase of the underlying bone surface. 

Figure 6.  (a) Deproteinised trabecular bone surface. (b) An osteocyte lacuna 
(Ot.Lc) in high magnification. (c) Analysis of mineral orientation. (d) Distribution 
(in pixels) of structure tensors for the example in c. (e) Mean orientations of 
mineral platelets at the Ot.Lc floor in the tibia and the femur (n = 111). (f) A 
majority of Ot.Lc exhibit a mean orientation between 0° and 25°. Tibia = green; 
Femur = blue; Combined = black broken line. (g) Raman spectra of untreated 
(UT) and deproteinised (DP) bone. Scale bars in b and c = 5 µm.  
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Deproteinised trabecular bone surface consisted of bundles of mineral 
platelets arranged in a meshwork and lacunae associated with incompletely 
buried osteocytes. The Ot.Lc floor was composed of elongated 1–3 µm-wide 
mineralised bundles running nearly parallel to the Ot.Lc long axis (Figure 6). 
Mineralised bundles external to the Ot.Lc were arranged in concentric 
patterns. These mineralised bundles were composed of numerous parallel 
platelets. Between these mineralised bundles were round holes left behind by 
osteocyte dendrites. External to the Ot.Lc, bundles from multiple successive 
layers were visible. Individual mineral platelets belonging to one bundle 
swiftly switched between adjacent bundles, thus forming an interconnecting 
mesh. 

At the Ot.Lc floor, the mean orientation of mineral platelets relative to the 
Ot.Lc shape was 19° ± 14° in the tibia and 20° ± 14° in the femur. The 
coherency was 37 ± 7% in the tibia and 38 ± 9% in the femur. Histograms 
showing the distribution of structure tensors, generated as an average of all 
the Ot.Lc in each group, indicated that a major proportion of the structure 
tensors was oriented between 0° and 45° for both the tibia and the femur. A 
preferential orientation of the mineral platelets relative to the long axis of 
Ot.Lc was noted. A majority of the Ot.Lc, 69.37% of the Ot.Lc in the tibia 
and 74.77% in the femur, exhibited a mean orientation of mineral platelets 
between 0° and 25°. The largest fraction of Ot.Lc was oriented in the 15°–20° 
range, 17.12% in the tibia and 19.8% in the femur. 

In an area of new bone formation, adjacent to a zone of osteoclast resorption 
tracks, the structure of the bone surface and the Ot.Lc floor were composed 
of repeating 1.5–2 µm long and 1 µm wide motifs. These were oriented 
similar to the fibre bundles observed in areas of more mature bone. In high 
resolution, these repeating structural units were comprised of 20–25 nm thick 
plate-like structures believed to be bone apatite separated approximately by 
the diameter of individual type-I collagen fibrils. These structural units at the 
Ot.Lc floor seemed to coalesce with advancing tissue maturity, thus giving 
the appearance of longer, continuous fibre-like structures that were better 
organised at the Ot.Lc floor than the surface external to the Ot.Lc where 
bundles of mineral platelets did not share a similar common orientation. In 
addition, numerous 390 ± 80 nm crystallites were observed sparsely 
scattered, but fused together with other mineral platelets over the surface. 

Raman spectroscopy confirmed a significant increase in the mineral-to-
matrix ratio of deproteinised bone compared to untreated bone, while mineral 
crystallinity and the carbonate-to-phosphate ratio remained unaffected. 
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4.2 Paper II 
The work investigates the post-apoptotic mineralisation process within Ot.Lc 
in alveolar bone obtained from women who had received bisphosphonates 
(BP) and bone obtained from healthy, non-osteoporotic women (Ctrl). 

Figure 7. (a) A hypermineralised osteocyte lacuna (Ot.Lc) containing mineral 
nodules in BP bone (BSE-SEM). (b) Size distribution of mineral nodules. (c) 
Nanoindentation load-displacement curves (nodules = green; bone = blue). (d) 
Raman intensity map corresponding to the ν2 PO4

3- peak at 407 cm-1, indicating a 
whitlockite-like structure of mineral nodules. (e) Raman spectra corresponding to 
green (nodule) and blue (bone matrix) boxes shown in d. (f) HAADF-STEM image 
of mineral nodules. (g) SAED shows single-crystal nature of mineral nodules, 
identified as magnesium whitlockite. (h) EDX spectra showing Mg enrichment of 
mineral nodules. (i) EELS elemental maps. Left to right: HAADF-STEM, C, Ca, 
O, RGB colour-merge of C (red), Ca (green), and O (blue). Scale bars in a and d 
= 2 µm, f and i = 500 nm, g = 5 1/nm.  
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In BP bone, hypermineralised Ot.Lc contained equiaxed, ~80 nm to ~3 µm-
wide, mineral nodules that were spherical to rhomboidal in morphology 
(Figure 7). The internodular space was occupied by acicular nanocrystallites 
oriented randomly. Additionally, a distinct hypermineralised ring frequently 
surrounded the lacuna. Compared to the surrounding bone matrix, the mineral 
nodules had ~120% higher H and ~50% higher Er. Raman spectroscopy 
indicated a whitlockite-like structure of these nodules with the ν1 PO4

3- 
symmetric stretching mode at ~970–972 cm-1 and the ν2 PO4

3- bending 
vibration at ~407 cm-1. Typically for bone apatite, the ν1 PO4

3- band occurs at 
958–960 cm-1 while the ν2 PO4

3- band is seen at ~432 cm-1. HAADF-STEM 
also showed spherical and rhomboidal nodules that were strikingly facetted, 
and occasionally spherical nodules with a fuzzy exterior, a core-shell 
structure and nanoporosities distributed throughout the bulk. In agreement 
with the edge-on dimensions of extrafibrillar apatite platelets, 5–7 nm thick 
internodular acicular nanocrystallites were oriented heterogeneously. 
Collagen fibrils were not detected inside the lacunar space. The 
hypermineralised ring, also devoid of collagen fibrils, was 200–500 nm wide, 
comprised of small, closely packed nanocrystallites. 

SAED showed that rhomboidal nodules were almost exclusively single-
crystals of magnesium whitlockite. Spherical nodules were also highly 
crystalline. However, spherical nodules having a fuzzy exterior appeared 
polycrystalline. Internodular acicular nanocrystallites were apatite. In bone 
matrix, mineralised collagen fibrils oriented parallel to the image plane 
showed a preferred orientation of the (002) and (004) crystallographic planes, 
i.e., the c-axis, of bone apatite. Elemental analysis using SEM-EDX revealed 
higher Mg, P, and O content of the mineral nodules, and higher Mg/Ca but 
lower Ca/P ratios than bone matrix. Elemental mapping using STEM-EDX 
also showed Mg, P, and O enrichment of mineral nodules compared to bone 
matrix, internodular nanocrystallites, and the hypermineralised ring. EELS 
confirmed the lower Ca and higher O content of mineral nodules than bone 
matrix. Energy-loss near-edge structure of bone matrix showed higher 
amorphous carbon from the organic inclusions within nanoporosities and 
higher mineral carbonate. 

In Ctrl bone, where individual mineral nodules could not be readily identified 
by BSE-SEM, hypermineralised Ot.Lc mainly contained acicular apatite 
nanocrystallites, oriented heterogeneously. Mg-enrichment of these 
nanocrystallites was negligible compared to bone matrix, seemingly similar 
to those occupying the internodular space in BP bone. These nanocrystallites 
occasionally stacked together to form dense aggregations.  
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4.3 Paper III 
This work uses correlative microscopy to study physical connectivity 
between resin-filled canaliculi from osteocytes within autogenous bone 
fragments found in implantation sites and those in de novo formed bone on 
the fragment surface. 

Figure 8. (a) Numerous autogenous bone fragments (arrowhead) in a healing 
implant site (BSE-SEM). (b) In the rat, fragments (fr) of original cortical bone 
can be identified by the presence of islands of unremodelled hypermineralised 
cartilage (arrowheads). The interface between the autogenous bone fragment and 
the newly formed bone on the surface is clearly demarcated (white broken line) by 
the difference in BSE Z- contrast. (c) The newly formed bone bridges the gap 
between two fragments. The elemental map represents the Kα X-ray emission line 
for calcium (Ca Kα) showing lower Ca content of the new formed bone compared 
to the old bone of the fragment. (d) An autogenous bone fragment that presents a 
large surface area for new bone formation. (e, f) Following resin cast etching, 
osteocytes in the autogenous bone fragment connect with those in the newly 
formed bone and thereby afford connectivity with the surrounding marrow space. 
Scale bars in a = 500 µm, b = 25 µm, c,d, and e = 50 µm, f = 10 µm.  
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Varying greatly in size and quantity, autogenous bone fragments are 
frequently observed around the implant and within the implant threads, in 
addition to rapidly formed woven bone, during the early healing stage 
(Figure 8). In the laboratory rat, e.g., Sprague Dawley, such fragments of the 
original cortical bone are easy to identify by the inclusion of islands of 
unremodelled hypermineralised cartilage. Autogenous fragments are also 
found in close spatial association with rapidly forming woven bone. The 
extracellular matrix at different stages of mineralisation can be distinguished 
from the variation in BSE Z- contrast since younger (or less mature) tissue 
exhibits a lower Z- contrast, and therefore appears relatively darker since the 
local calcium content is lower. 

In bone that forms on the surface of autogenous fragments, partially 
embedded osteocytes (osteoblastic-osteocytes) in the new forming bone are 
aligned parallel to the surface of the underlying fragment. The extracellular 
matrix deposited on the fragment surface therefore also appears well-aligned 
and ordered. The presence of sub-micron sized foci makes the mineralisation 
front appear granular. Where several fragments are found in close proximity 
to each other, the newly formed bone on the fragment surface tends to bridge 
the intervening gap. 

The calcium and phosphorus content of the newly formed tissue on the 
fragment surface is lower than the old bone of the fragments, as determined 
by EDX elemental mapping. 

As bone formation progresses, osteocytes within the autogenous bone 
fragments appear to physically interact with osteocytes in the de novo formed 
bone on the fragment surface. Moreover, canaliculi from the osteocytes 
within the old bone of the fragments extend beyond the original periphery of 
the fragment and into the newly forming tissue where they establish 
numerous connections with newer osteocytes.  

Small autogenous bone fragments present a large surface area for new bone 
formation, attributable to the inverse relationship between particle size and 
surface-to-volume ratio. High coverage of the surface of fragment with newly 
formed bone is observed frequently. Even at an early healing stage, the newly 
formed bone occupies a large surface area with respect to the surface area of 
the fragment itself. Moreover, physical interaction between osteocytes 
resident within the old bone of the fragments and those in the newly formed 
bone, connectivity between osteocytes residing deep within the fragments 
and the surrounding marrow space is maintained.  
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4.4 Paper IV 
This work evaluates the osseointegration of laser-modified, screw-shaped, 
cp-Ti implants after 8 weeks of healing in rabbits. 

Figure 9. (a–c) Machined (top) and laser-modified (bottom) implants (SE-SEM). 
(d) Typical load deformation curves for the machined (blue) and laser-modified 
(green) implants. (e) Histology. Machined (left) and laser-modified (right) 
implants. (f) Machined (top) and laser-modified (bottom) implants showing highly 
mineralised bone within the threads (BSE-SEM). A fracture line is seen a short 
distance from the laser-modified thread valley. (g–h) Direct visualisation of 
osteocyte morphology. Osteocytes (Ot) are seen adjacent to the machined implant 
surface (g), whereas osteocyte canaliculi (Ot.Ca) are directly attached to the 
surface of the laser-modified implants (h). (i) HAADF-STEM image of the bone-
implant interface at the laser-modified implants. Ot.Ca (asterisks) appear to make 
direct contact with the implant surface. Scale bars in a and f = 200 µm, b = 20 
µm, c and h= 100 nm, e = 250 µm, g = 5 µm, i = 250 nm.  
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The surface oxide thickness, measured using AES, was 13.8 nm for the 
machined surface and 53 nm for the laser-modified surface. Compared to the 
relatively smooth machined implants, laser-modification resulted in a distinct 
hierarchical structure with a combined macro-, micro- and nanotopography 
(Figure 9). The ISQ increased for both implant types between insertion and 
subsequent retrieval at 8 weeks healing. The laser-modified implants showed 
153% higher in RTQ at break-point. The load deformation plot of the 
machined implants showed a moderately linear increase in torque followed 
by a plateau while the laser-modified implants showed a sharp increase in 
torque followed by a distinct break-point with a short or no plateau. On 
histological evaluation, both implant types showed endosteal downgrowth. 
Attributable to RTQ, fracture lines were observed 30–50 µm from the 
implant surface, exclusively in the thread valleys of the laser-modified 
implants. In contrast, the machined implants showed a separation between the 
implant surface and bone. Cortical and endosteal threads of both implant 
types contained mature osteonal bone. Remodelling sites were found both at 
the bone-implant interface and centrally in the bone filling the threads. 
Mature osteocytes were aligned parallel to the implant surface, often < 10 µm 
from the implant surface. Both implant types showed high total BIC and total 
BA. As observed by BSE-SEM, the newly formed bone within the implant 
threads was highly mineralised. Endosteal threads of both implant types 
mainly contained de novo formed bone, with comparable mineralised bone 
area (> 80%) and N.Ot/B.Ar (> 1000 mm-2). 

At the valley, flank, and outside the thread, Raman spectroscopy indicated 
similar mineral crystallinity, mineral-to-matrix and carbonate-to-phosphate 
ratios for both implant types. Following resin cast etching, osteocytes were 
seen in close proximity to the implant surface with canaliculi approaching the 
implant surface as well as Haversian canals. Mechanical disruption of the 
interface by RTQ precluded observation of canaliculi attached directly to the 
surface of machined implants. However, large numbers of branching 
canaliculi were found in close proximity to the nanotextured surface oxide 
layer of the laser-modified implants, extending several micrometres to 
approach globular features on the implant surface, forming an 
intercommunicating network adhering to the complex microtopography of 
the surface. HAADF-STEM imaging also showed a thick surface oxide layer 
having a distinct nanostructure. Collagen fibrils were aligned parallel to the 
implant surface, exhibiting the characteristic 67 nm cross-striated pattern. 
Canaliculi were observed at the immediate interface and at some distance 
from the surface oxide. Collagen fibril organisation was less regular adjacent 
to these structures. At high resolution, mineralised collagen fibrils appeared 
to interlock with the surface TiO2 layer.  
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4.5 Paper V 
This work explores nanoscale osseointegration of laser-modified dental 
implants retrieved after four years of clinical function. 

Figure 10. (a–c) Native, laser-modified implant surface (SE-SEM). (d) Mature 
lamellar bone fills the entire implant thread. (e) Osteocytes and canalicular 
networks close to the implant surface. (f) HAADF-STEM image of the bone-
implant interface showing collagen aligned parallel to the implant surface. 
Several canaliculi are detected (arrowheads). (g) HAADF-STEM and STEM-EDX 
elemental maps corresponding to the location indicated by the black box. (h) TEM 
image of the bone-implant interface. (i) SAED pattern, obtained from the area 
shown as a white ring in h, demonstrates preferential alignment of apatite 
crystallographic c-axis with respect to the orientation of the collagen fibrils. (j) 
TEM image showing the open lacy structure of transversely sectioned collagen 
fibrils (black asterisk) tangentially surrounded by mineral platelets (white 
asterisk). Scale bars in a = 100 µm, b = 10 µm, c = 500 nm, d = 200 µm, e = 25 
µm, f = 1 µm, g and h = 200 nm, j = 20 nm.  
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The native implant surface had a dual surface structure consisting of laser 
ablation tracks confined to the thread valley and as-machined areas of the 
upper part of the frank and the thread top (Figure 10). The laser-ablated area 
showed globules (1–10 µm) of resolidified metal and distinct nanoscale 
irregularities. The surface morphology of the retrieved implants was 
evaluated by micro-CT and appeared similar to the native implant surface. 
 
Due to damage to one of the implants during trephine retrieval, only two 
implants could be analysed. Histological evaluation showed large amounts of 
mature bone around and in direct contact with the implant surface, with many 
of the threads nearly completely filled with lamellar bone organised into 
Haversian systems. Close to the implant surface, concentric lamellae were 
aligned parallel to the implant surface. Osteocytes were oriented along the 
lamellar direction with canalicular networks directed perpendicular to the 
implant surface. Ongoing remodelling was evident. Histomorphometry 
demonstrated BA and BIC values in  > 80% for both implants.  
 
In HAADF-STEM, mineralised bone was seen in direct contact with the 
laser-modified surface. Collagen fibrils were oriented parallel to the implant 
surface up to 0.5–1 µm from the surface oxide. Collagen fibrils appeared to 
organise into 1–3 µm diameter concentric bundles and were detected as close 
as 100 nm from the implant surface, closely following the surface micro-
topography. Circular features in the 200–400 nm size range, presumably 
canaliculi, were found 1–2 µm from the surface. 
 
STEM-EDX showed an overlap of Ti, O, Ca, and P signals at the interface 
zone. Ti and O signal overlap indicates the surface TiO2 layer, while Ti, Ca, 
and P overlap indicates a gradual intermixing of bone mineral with the 
surface oxide. Moreover, stoichiometrically relevant Ca/P ratios (1.33–1.67) 
for bone mineral were measured up to 800 nm from the implant surface. In 
some areas, an open, lacy structure comprised of ~59 nm × ~5 nm electron-
dense mineral structures (Ca/P = ~1.33; C/Ca = ~1.33) interspersed between 
and 50–70 nm electron-lucent holes (C/Ca = ~3.33). SAED revealed a 
preferential alignment of the apatite crystallographic c-axis with respect to 
the orientation of collagen fibrils. The (002) and (004) reflections formed two 
arcs subtending angles of ~36° centred on the fibril direction. The (002) and 
(004) reflections were not observed for transversally sectioned collagen 
fibrils, indicating that these planes were oriented normal to the plane of the 
image.  
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4.6 Paper VI 
This work investigates the osteocyte network adjacent to osseointegrated 
laser-modified dental implants, retrieved after four years of clinical function. 

Figure 11. (a) Canaliculi from an osteocyte (Ot) extend toward the implant 
surface as well as in the direction of a central Haversian canal 30 µm away 
(arrowhead). (b) An osteocyte extends several canaliculi towards the surface 
oxide layer (arrowheads). (c) Area of new bone formation. Two osteocytes 
immediately below the bone surface have been exposed. (d) Interconnectivity of 
canaliculi from the two osteocytes (arrowhead), box in c, suggests cell-to-cell 
communication. (e) HAADF-STEM image showing organised bone between the 
implant surface and the osteocyte. (f) Bundles of collagen fibrils run parallel to 
the osteocyte surface. At a distance some run perpendicularly into the plane of the 
image (arrowhead). (g) Highly regular collagen banding adjacent to the implant 
surface. (h) EELS calcium map corresponding to g. (i) 3D electron tomography 
reconstructions of the bone-osteocyte interface (white box in e) and the bone-
implant interface (black box in b). Scale bars in a = 5 µm, b and e = 1 µm, c = 5 
µm, d = 2 µm, f = 500 nm, g, and h = 200 µm.  
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BSE-SEM revealed organised, osteonal lamellar bone around the implant and 
occupying the threads, with osteocytes aligned along concentric lamellae. 
The Ot.LCN, investigated by resin cast etching, connected the central 
Haversian canal to the implant surface through branching and rejoining 
canaliculi extending 30−50 µm (Figure 11). Although the nearest osteocytes 
were 3−5 µm from the implant surface, interconnected canalicular networks 
extended towards the laser-modified regions and the as-machined regions 
along the implant surface. Intimate contact was observed between canaliculi 
and the nanotextured surface. Compared to bone located external to the 
implant thread, the higher N.Ot.Ca/Ot.Lc was noted close to the implant 
surface, therefore indicating less aged tissue adjacent to the implant surface. 
In an area of new bone formation, where osteocytes immediately below the 
bone surface were exposed, canaliculi extended towards the bone formation 
front, and interconnectivity between canaliculi from individual osteocytes 
was seen, suggesting direct cell-to-cell communication. Collagen fibril 
organisation in the zone between the implant surface and a nearby osteocyte 
lacuna was investigated using HAADF-STEM. Collagen fibrils were 
generally co-parallel to both the implant surface (bone-implant interface) and 
the osteocyte surface (bone-osteocyte interface), except in areas of 
canalicular extensions where collagen fibrils appeared to wrap around the 
canaliculus. At the bone-implant interface, collagen fibrils were laid down 
almost directly adjacent to the surface oxide nanostructures that serve as a 
template for apatite formation. EELS calcium signal mapping showed apatite 
ingrowth (~200 nm) into the nanostructured surface oxide, thus establishing a 
functionally graded interface between the nanostructured surface and bone. 
An interfacial collagen-free zone could not be identified.  

Electron tomography and 3D reconstruction was performed for two volumes: 
(i) the bone-implant interface, and (ii) the bone-osteocyte interface. Collagen 
fibrils ran along the plane of the sample in both cases and were parallel to the 
implant surface as well as the osteocyte. Although collagen fibrils make an 
immediate boundary to the lacunar space at the bone-osteocyte interface, the 
bone-implant interface appears to be structurally graded with apatite 
interdigitation into the oxide layer followed by well-aligned collagen fibrils 
interfacing the surface, further confirming the EELS findings. Nevertheless, 
the general morphology at both interfaces is that of collagen fibrils having a 
unidirectional alignment, exhibiting a ropelike twisting motif within a 
collagen fibre bundle, typical of lamellar bone. SAED showed the c-axis of 
apatite platelets to be aligned approximately parallel to the long axis of 
collagen fibrils, as seen from the arcs formed by the (002) and (004) 
reflections centred on the major fibril direction, subtending angles of ∼35°.  
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4.7 Paper VII 
In this work, 3D printed solid and macroporous Ti6Al4V implants were 
evaluated after six months healing in sheep. The solid implants were 
machined to remove the EBM surface. 

Figure 12.  (a) Geometry of the solid and porous implants (micro-CT). (b) Surface 
of the solid (left) and porous (right) implants (SE-SEM). (c) Strut thickness (black) 
and separation (grey). (d) Illustration of the upper 1/3rd and lower 2/3rd regions of 
the implants. Bone formation adjacent to the upper 1/3rd (top row) and the lower 
2/3rd (bottom row) regions of the implants (BSE-SEM). The implant surface is 
indicated by asterisks. (e) v1 CO3

2-/v2 PO4
3- ratio. (f) Phe/v1 PO4

3- ratio. (g) An 
osteocyte in native bone (left) appears considerably smaller with fewer canaliculi 
than an osteocyte adjacent to the implant surface (right). (h) Osteocytes in close 
positional association with vasculature and remain attached to the implant 
surface. (i) Canalicular attachment and branching (arrowhead) onto the implant 
surface. (j) Osteocyte density (N.Ot/B.Ar). # = statistical significance vs. bone; 
horizontal bar = statistical significance between the groups indicated. 
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The machined surface of the solid implants and the EBM surface of the 
porous implants exhibited surface areas of 1.098 mm2 and 1.276 mm2, 
respectively, per unit surface area (mm2) of a theoretically smooth surface. 
The EBM surface is therefore 16.3% larger than the machined surface. The 
interconnected open-pore area of the porous implants comprised of ~583 µm 
thick struts with ~656 µm separations in between (Figure 12). The open-pore 
area had a porosity of 62.7%. The interconnected struts had a total surface 
area of 249.1 mm2, and a surface area/volume ratio of 6.84 mm-1. 

High levels of bone were observed around both implant types. Bone ingrowth 
into the interconnected open-pore area of the porous implants was 
demonstrated by micro-CT. BSE-SEM confirmed highly mineralised bone 
around both the solid and the porous implants. Bone ingrowth had also 
occurred into the open-pore area in the lower 2/3rd region of the porous 
implants. The lamellar pattern closely followed the surface contour, 
indicating that bone formation began at the implant surface and was directed 
progressively outward.  

The mineral crystallinity and the mineral-to-matrix ratio of the interfacial 
tissue, at both implant surfaces, were similar to the native bone. The 
carbonate-to-phosphate ratio of the interfacial tissue at both implant surfaces 
was lower than the native bone, and higher for the porous implant than the 
solid implant. Pro, Phe, and Tyr signals were lower in the native bone than 
the interfacial tissue. Moreover, Phe and Tyr levels at the interfacial tissue 
were higher for the solid implants compared to the porous implants. For both 
implant types, interfacial tissue Ca/P ratio was lower than the native bone. 

Osteocytes at the interface were aligned parallel to the implant surface and 
appeared to make intimate contact with the implant surface through 
numerous canaliculi. In close association with osteocytes and the implant 
surface, the presence of microvasculature was observed in the bone formed 
within the open-pore area of the porous implants. For both implant types, the 
N.Ot.Ca/Ot.Lc at the interfaces was similar, but 38–42% higher than the 
native bone. The N.Ot/B.Ar was higher at the interface for both implant 
surfaces, in both the upper 1/3rd and the lower 2/3rd regions. Overall, the 
N.Ot/B.Ar was higher at the porous implant surface than the solid implant 
surface. The N.Ot/B.Ar in the upper 1/3rd of the porous implants was higher 
than the lower 2/3rd (open-pore region) of the porous implants, as well as the 
upper 1/3rd of the solid implants. The N.Ot/B.Ar in the upper 1/3rd and the 
lower 2/3rd of the solid implant were comparable.  
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4.8 Paper VIII 
In this work, 3D printed macroporous Ti6Al4V and CoCr implants were 
evaluated after six months healing in sheep. 

Figure 13.  (a) Geometry of the Ti6Al4V (left) and CoCr (right) implants (micro-
CT). (b-c) Surface of the Ti6Al4V (top) and CoCr (bottom) implants (SE-SEM). 
(d) Histology. Mature lamellar bone in direct contact with the Ti6Al4V (left) and 
CoCr (right) surface. (e) Histology. Bone ingrowth into porous Ti6Al4V (left) and 
CoCr (right) constructs. (f) Overall histomorphometry. (g) BIC at different 
locations analysed inside and around the implants. (h) v2 PO4

3-/Amide III ratio. (i) 
v1 CO3

2-/v2 PO4
3- ratio. (j) Osteocyte density (N.Ot/B.Ar). f, g, h, i, j: Ti6Al4V = 

blue; CoCr = green. * = statistical significance between Ti6Al4V and CoCr; 
horizontal bar = statistical significance between the groups indicated. 
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Ti6Al4V and CoCr implants had a similar open-pore structure, at 70% and 
67% porosity, respectively (Figure 13). The surface morphology of Ti6Al4V 
and CoCr implants was largely similar. Both Ti6Al4V and CoCr constructs 
were well integrated in bone. Mature trabecular bone was seen around the 
implants and extended into the porous network, and was directly in contact 
with the implant surface. The newly formed bone appeared morphologically 
similar to existing trabecular bone, with flattened osteocytes aligned parallel 
to the lamellar direction. Osteonal structures were observed close to the 
external surface, but not inside the porous network. Remodelling sites were 
observed at the bone-implant interface inside and outside the porous network. 
Both inside and outside the porous network, the BA was similar for both 
alloys, while the total BIC was higher for Ti6Al4V. The BIC for Ti6Al4V 
was higher than CoCr inside the porous network, but not at the solid top. At 
all locations (centre, periphery, close, distant), the BA was similar between 
Ti6Al4V and CoCr. For both Ti6Al4V and CoCr, the BA was highest close 
to the porous network and least at the centre. 

The mineral crystallinity of the interfacial tissue at each location (centre, 
periphery, outside) was similar between Ti6Al4V and CoCr, however, CoCr 
showed lower mineral crystallinity at the centre and the periphery of the 
porous network compared to the outside. The mineral-to-matrix ratio and 
carbonate-to-phosphate ratios at the centre of the porous network and in the 
new bone outside the implant were similar between Ti6Al4V and CoCr. Phe 
and Tyr levels at the interfacial tissue were higher than outside the porous 
network, for both Ti6Al4V and CoCr. For CoCr, the mineral-to-matrix ratio 
at the periphery of the porous network was lower than Ti6Al4V, which was 
also lower than at the centre of the porous network and outside. The 
carbonate-to-phosphate ratio at the periphery of the porous network was 
higher for CoCr than Ti6Al4V, and was higher than at the centre of the 
porous network. The Ca/P ratio of the interfacial tissue, although similar for 
CoCr and Ti6Al4V, was lower than the native bone. 

BSE-SEM showed well-mineralised bone containing blood vessels, 
remodelling sites, and osteocyte lacunae oriented along the lamellar direction. 
In areas of direct bone-implant contact, osteocytes were aligned parallel to 
the implant surface, and closely approached the Ti6Al4V and CoCr surfaces, 
forming interconnected networks, and often making direct contact with the 
surface of both alloys through canaliculi. N.Ot/B.Ar in the newly formed 
bone outside the porous network, and at the centre of the porous network was 
similar for Ti6Al4V and CoCr, but higher for CoCr (vs. Ti6Al4V) at the 
periphery of the porous network.  
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5 DISCUSSION 

5.1 Osteocytes as indicators of bone quality 
Osteocytes and the associated lacuno-canalicular network provide a great 
deal of information about the physico-chemical status of the surrounding 
bone. This is exemplified by the directional co-alignment of the principal axis 
of the osteocyte lacuna, and therefore also the osteocyte contained within, 
and apatite crystallites on the underlying bone surface [Paper I]. Although it 
has not been shown whether this relationship is disturbed, or otherwise 
affected, in compromised systemic conditions, it is apparent that the 
osteocyte lacuna is an important feature – one that is also aligned to the 
loading axis of bone 171, 172, and as such could have a role to play in 
distribution of mechanical forces. Another example is of the osteocyte lacuna 
undergoing mineralisation after osteocyte apoptosis, particularly in ageing 
human bone 56. Mineralised osteocyte lacunae have also been reported in 
archaeological human bone and fossil mammal bone 173. The pattern of 
mineralisation within osteocyte lacunae is not alike the mineralisation process 
observed during bone formation where mineral formation is under strict 
control of the organic matrix. In osteoporotic human alveolar bone obtained 
from women who had received anti-resorptive treatment, micrometre-sized 
spherical to markedly rhomboidal mineral nodules having a highly 
crystalline, magnesium whitlockite structure have been identified within 
mineralised lacunae [Paper II]. Here, not only is there a lack of physical 
constraints for the forming mineral due to the absence of collagen fibrils 
within the lacuna, but the formation of highly crystalline magnesium 
whitlockite, a calcium phosphate phase more stable than apatite at acidic pH 
levels, indicates significant changes in the local chemical environment. Such 
mineral nodules are stiffer and more resistant to plastic deformation than the 
extracellular matrix, resulting in altered local mechanical properties. A 
heightened prevalence of hypermineralised lacunae would thus contribute 
strongly towards the fragility of ageing bone 59. The presence of 
hypermineralised lacunae thus implies local tissue deterioration. Yet another 
example is of the Ot.LCN, direct visualisation of which has also enabled 
understanding the fate of autogenous bone fragments generated inadvertently 
during implant site preparation [Paper III]. Autogenous bone fragments 
constitute a source of different growth factors affecting bone formation and 
resorption 174, 175, and provide osteoconductive surfaces within a healing bone 
defect. As new bone forms on the surface of such fragments, canaliculi can 
be seen extending between osteocytes in the new bone and those within the 
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original periphery of the fragment. This indicates that disrupted canalicular 
networks can be repaired, thus restoring communication channels between 
the fragment and the surrounding marrow space, thereby enabling the 
fragment to remain vital. The osteocyte lacuno-canalicular also shows certain 
morphological adaptations around bone anchored implants, e.g., increased 
osteocyte density, in response to mechanical loading 176. 

Interpretation of the structure of the material-tissue interface is influenced by 
many factors. Of those, the importance of the analytical techniques used (and 
their limitations) and the associated sample preparation methods cannot be 
overstated, as they contribute greatly to different observations being made 
despite all other parameters being consistent. For instance, fixative solutions 
and embedding media can induce considerable amounts of tissue shrinkage 
and distort the lateral dimensions of osteocyte processes 177. On the other 
hand, quantitative histomorphometry may indicate differences in the 
osteogenic potential of two sets of implant design features during early 
healing. One example that early differences may be maintained after longer 
healing periods is of thin hydroxyapatite coatings vs. uncoated cp-Ti 178, 179. 
Nevertheless, such differences are often less obvious at intermediate and late 
healing where a steady state may have been attained between the rates of 
bone formation and remodelling. A key implication of such a steady state is 
that at intermediate and late healing time periods, minimal differences are to 
be expected in bone quality in relation to two approximately similar implant 
geometries. Given comparable healing conditions, the amount of bone 
formed would be similar for different implant surfaces, since the amounts of 
bone being deposited, being resorbed, and remaining mature and stable 
would be similar. This means that the overall composition of the extracellular 
matrix, and the osteocyte density would also be similar when the healing 
conditions are comparable, unless an implant surface is somehow able to 
exert its influence for long periods of time over large distances. An exception 
would be the immediate junction between the bone and the implant surface, 
where bone directly contacting the implant surface is thought to represent 
contact osteogenesis. This is frequently reported as the bone-implant contact. 
This junction is also important since osteocytes, formerly osteoblasts and 
precursor osteogenic cells, physically attach on to the implant surface through 
dendritic extensions called osteocyte processes, which reside within bony 
walls of the canaliculi. Although the early healing stage is critical for 
achieving osseointegration, the intermediate and late healing stages reflect 
the sustained impact, or lack thereof, of a given surface modification, implant 
geometry, and the bulk and surface physico-chemical characteristics of the 
implanted device. These concerns may be addressed by utilising advanced 
analytical approaches to measure specific parameters related to bone quality. 
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5.2 Selective laser ablation 
In addition to achieving increased surface roughness through a 
contamination-free, site-specific process, titanium implant surfaces exhibit a 
dual micro- and nanoscale topography mimicking the hierarchical structure of 
bone [Papers IV–VI]. When ablated by a pulsed, 1024 nm Nd:YAG laser, cp-
Ti undergoes changes in surface structure due to local heating, cooling, and 
crystallisation, resulting in a hierarchical micro- and nanoscale topography 
and a greatly enlarged surface area and altered surface chemistry. In the 
presence of ambient oxygen, temperature changes at the surface cause the 
surface oxide layer to increase in thickness from ~4–5 nm to ~100–500 nm, 
and transform into crystalline TiO2 

180, 181. 

The micrometre scale features are 1–10 µm globular structures resulting from 
melting and resolidification of the metal. These represent the cellular length 
scale and provide a large surface area for mechanical interlocking between 
bone and the implant surface. Superimposed onto these globular structures 
are nanoscale features comprised of a channel-like arrangement of a 50–300 
nm thick TiO2 surface layer that develops during cooling. These channels 
appear to be only a few nanometres, i.e., 5–20 nm, wide. Interestingly, self-
assembled and vertically oriented TiO2 nanotubes 15 nm in diameter are said 
to be considered optimal for focal adhesion and differentiation of 
mesenchymal stem cells 119, primary human osteoblasts, and haematopoietic 
stem cells 118.  

At 8 weeks of healing in the rabbit [Paper IV], laser-modified implants 
exhibit greatly enhanced biomechanical anchorage than machined implants, 
as demonstrated by RTQ measurements. The load deformation pattern of 
laser-modified implants shows a sharp increase in torque that is followed by a 
distinct break-point and a brief plateau. In comparison, the load deformation 
pattern of machined implants shows a gradual increase in torque followed by 
a plateau. Structural evidence of higher RTQ and the unique load 
deformation pattern of the laser-modified implants is given by the appearance 
of fracture lines within the bone adjacent to the laser-modified area of the 
implant thread. The implication is that interfacial adhesion between the 
implant surface and bone is stronger than the strength of bone itself. 
However, the composition of the tissue formed adjacent to both implant types 
is largely similar, as evaluated by Raman spectroscopy, indicating that laser-
modification of the implant surface does not affect extracellular matrix 
production and mineralisation. Furthermore, similar osteocyte densities for 
the two implant types provide further evidence that laser-modification of the 
implant surface does not alter bone formation kinetics. However, direct 
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visualisation of the Ot.LCN showed that osteocytes align parallel to the 
implant surface and in fact make a direct contact with the surface of the laser-
modified implants via numerous canaliculi. This was apparent despite the 
disruption of the bone-implant interface during RTQ measurements. On the 
other hand, a thin layer of embedding resin almost always separated 
osteocytes from the surface of the machined implants. Although RTQ 
measurements may have exaggerated this separation, a layer of embedding 
resin has been demonstrated previously between bone and the machined 
implant surface, where RTQ measurements had not been performed 182. 
HAADF-STEM imaging of the laser-modified surface showed mineralised 
collagen fibrils in close association with the implant surface and aligned 
parallel to it. Canaliculi were also observed to make direct contact with the 
implant surface. 

To validate the role of laser-modification in improving biomechanical 
anchorage, a correlative assessment of bone interfacing functionally loaded 
implants retrieved from the human maxilla after 47 months was undertaken 
[Paper V and VI]. These implants were explanted because of mechanical 
failure of the implant material, rather than biological failure, e.g., implant 
loosening due to lack of osseointegration or loss of osseointegration due to 
periimplantitis. The observed BA and BIC values (> 80%) are in agreement 
with those acquired for clinically stable, machined dental implants of a 
similar design retrieved from four patients (aged 52–70 years) after 1–16 
years of clinical function where BIC of 56–85% and BA of 79–95% were 
reported for seven implants 183.  

As also observed in the rabbit model, osteocytes in close proximity to the 
implant surface extended canaliculi towards the implant surface that were 
seen as 200–400 nm diameter structures within a couple of micrometres from 
the surface. In bone, the canalicular network provides a framework for 
exchange of information 184. Similarly, it is likely that the direct connectivity 
between osteocyte canaliculi and the implant surface represents the 
architecture facilitating information exchange between osteocytes found in 
the interfacial bone and the implant surface [Paper VI]. Importantly, after 
nearly four years of clinical function, the intricate surface oxide layer remains 
intact. While it cannot be said for certain whether the osteocyte processes 
within the canaliculi are indeed attached to the surface oxide, it is plausible 
that the close attachment of osteocyte processes to the implant surface is 
meant to serve a specific function, whether it is one of anchorage 185, 186 or to 
sense mechanical stimuli as strain 49, 187 or vibrations 188. Lack of mechanical 
stimulation is understood to be related to increased osteocyte apoptosis and 
loss of cell viability 189. Using a similar resin cast etching technique, a 
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reduction in the average number of canaliculi per osteocyte lacuna has been 
reported with advancing tissue age, implying reduced connectivity between 
osteocytes and the surrounding tissue 184. From a biomechanical perspective, 
the implants studied in this work had been in functional use for nearly four 
years while supporting excessively high loads associated with parafunctional 
grinding of the teeth or clenching of the jaw – a condition called bruxism 
[Papers V–VI]. The lamellar pattern of bone adjacent to the implant surface 
indicates that the direction of bone formation is normal to the implant 
surface, where presumably the differentiating osteogenic cells make contact 
with the implant surface, and begin to produce de novo bone by contact 
osteogenesis, to later become entrapped within the surrounding bone as they 
terminally differentiate into osteocytes. The continued presence of osteocytes 
at the bone-implant interface further attests to the potential role that 
osteocytes play in maintaining an intact interface between an implant and 
mineralised bone, which remains adaptive to applied loads long after initial 
osseointegration has occurred. 

The observation of well-aligned collagen fibrils directly abutting the implant 
surface after long-term clinical function are in agreement with observations 
made previously in human, where unloaded, laser-modified dental implants 
retrieved from the mandible of a 66-year-old male showed BIC of 31–32% 
and BA of 25–31% after only two and a half months of submerged healing 
190. The close spatial association between mineralised collagen fibrils and the 
implant surface provides strong evidence in disagreement with the collagen-
deficient, cement line matrix description of the bone-implant interface 100. On 
the other hand, deposition of calcium within the thickened surface oxide layer 
of laser-modified implants might seem analogous to the cement line matrix 
that is presumed to be collagen-free. However, collagen exclusion from these 
nanoscale features is primarily due to spatial constraints. The organisation of 
mineralised collagen fibrils into 1–3 µm wide bundles close to the implant 
surface appears similar to mineralised bundles seen on the bone surface after 
deproteinisation [Paper I]. While collagen is well-aligned adjacent to the 
implant surface, the arrangement of collagen fibrils around canaliculi is less 
ordered 13.  

Earlier experimental studies have demonstrated enhanced biomechanical 
anchorage of similarly prepared laser-modified implants. When laser-
modified in the lower 30% of the implant thread, 250% higher torque was 
required to cause anchorage failure of cp-Ti 129 and Ti6Al4V 181 implants 
after 8 weeks of healing in rabbits. Furthermore, at 6 months of healing in 
rabbits, the torque necessary to disrupt the bone-implant interface for laser-
modified cp-Ti implants remained 170% higher than machined cp-Ti 
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implants 180. Histological assessment revealed fracture lines in bone, a few 
micrometres from the implant surface in the laser-modified regions of cp-Ti 
129 and Ti6Al4V 181 implants at 8 weeks, and cp-Ti implants at 6 months 
healing 180, in rabbits. Moreover, on the ultrastructural level, mineralised 
collagen fibrils were found directly bordering the thickened surface oxide 
layer of laser-modified cp-Ti 191 and Ti6Al4V 181 implants at 8 weeks, and cp-
Ti implants at 6 months healing 180. These findings were corroborated by 
observations made in 3D using HAADF-STEM tomography 167, 192. 

At 8 weeks healing in rabbits, a number of characteristic ions have been 
identified at the bone-implant interface of laser-modified cp-Ti implants 
using Time-of-Flight Secondary Ion Mass Spectroscopy. These include 
CaOH+, Ca2O, Ca2O2H+, Ca2PO3

+, Ca3O3H+, Ca2PO4
+, and Ca3PO5

+ 
representing calcium phosphate signals originating from regions of 
mineralised bone, and CH4N+ (glycine), CH5N3

+ (arginine), C4H8N+ 
(arginine/proline), C4H11N2

+ (arginine), C5H8N3
+ (histidine) representing 

protein signals originating from areas of bone formation or remodelling. 
Other signals include 46Ti+, 47Ti+, 48Ti+, 49Ti+, 50Ti+ 46TiO+, 47TiO+, 48TiO+, 
49TiO+, and 50TiO+ representing titanium dioxide, and various triglyceride 
signals originating from structures identified as Haversian canals 191.  

At 6 months healing in rabbits, an intimate contact is maintained between the 
surface oxide layer of the laser-modified cp-Ti implants and the mineralised 
tissue, with collagen fibrils aligned parallel to the implant surface 180. Spacing 
measurements of lattice fringes in high-resolution TEM revealed crystalline 
apatite immediately outside the surface oxide layer, while STEM-EDX 
demonstrated a concentration gradient of calcium, phosphorus and oxygen 
across the interface 192. In living tissues, graded interfaces are observed 
regularly between dissimilar materials and provide functionality, for example 
load-bearing capacity at tendon-bone 193 or the cartilage-bone interface 194. 

5.3 Electron beam melting 
3D printing techniques for metals and alloys, such as EBM, provide several 
key advantages over conventional machining. These include the possibly to 
fabricate constructs having an open-pore architecture to achieve bone 
ingrowth, and therefore enhanced mechanical anchorage of such implants. 
Pores must however be large enough to allow removal of debris after the 
build. Importantly, the overall geometry of a construct can be finely 
controlled. 
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Reduction in the stiffness or axial rigidity of a construct can potentially 
reduce the extent of stress-shielding experienced by bone around metal or 
alloy devices 137, 145, 195, which may be achieved by using an open-pore design. 
Measured by nanoindentation, the elastic moduli of human cortical and 
trabecular bone are ~20 GPa and ~18 GPa, respectively 196. In comparison, 
the elastic moduli of Ti6Al4V (ASTM F136) and CoCr (ASTM F75) are 
~114 GPa and ~220 GPa, respectively. The overall design of a construct can 
be tailored such that the mechanical properties match those of cortical bone, 
yet retaining high strength for use in high load bearing conditions, e.g., as 
orthopaedic implants. 

3D printing of Ti6Al4V and 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 130. The surface of EBM manufactured constructs 
typically resembles the powder used in the process. Therefore, while half 
molten 50–100 µm particles contribute to a considerable increase in the 
overall surface area, the particles are much larger than eukaryotic cells, and 
are smooth on the submicron and nano- levels due to the atomisation process 
through which they are produced. For these reasons, it may be that the 
particle surface does not play a significant role in modulating cellular 
behaviour directly. However, the greatly increased surface area provides a 
greater surface area for cellular recruitment and attachment, and bone 
formation, while surface irregularities could favourably influence the 
mechanical retention of such devices in bone. 

It is possible to remove the EBM surface consisting of half molten particles 
from the accessible exterior of a construct by machining 140. Alternatively, 
the native surface of the porous construct including the interior can be 
modified through various surface treatments 197 to further enhance 
osseointegration. A direct comparison between EBM manufactured implants, 
with and without the EBM surface, demonstrates a considerably higher 
osteocyte density in the newly formed bone adjacent to the EBM surface, 
which may be related to the recruitment of greater numbers of 
osteoprogenitor cells, leading to a greater incidence of osteoblast entrapment 
and differentiation into osteocytes. Moreover, the EBM surface, compared to 
the machined surface, promotes tissue maturation, as reflected by an 
increased carbonate-to-phosphate ratio of the extracellular matrix. 
Importantly, the presence of vasculature within open-pore areas indicates that 
the bone formed here retains the capacity for nutrient exchange and removal 
of metabolites, and also the possibility for the migration of precursor cells 



Osteocytes as indicators of bone quality 

56 

responsible for bone resorption and remodelling, as may be expected external 
to these open-pore areas [Paper VII].  

Formation of woven bone 198 and subsequent remodelling 199 are local 
processes that represent the adaptive response of bone to dynamic loading. 
Interfacial stress transfer between a metal implant and bone depends on 
various combinations of compressive, tensile, and shear stresses at different 
locations along the surface of the implant 195. A critical limitation of the 
present work is that the implants were not subjected to direct functional 
loading, and therefore the reduction in the extent of stress shielding 
experienced by bone due to an open-pore design cannot be estimated [Paper 
VII]. On the other hand, histomorphometric evaluation of Ti6Al4V and CoCr 
implants of approximately similar macro-geometry provides useful 
information about the biomechanical environment. Notably, the amounts of 
bone formed in response to Ti6Al4V and CoCr were similar irrespective of 
location, i.e., inside and outside the porous network. Moreover, the BIC was 
similar for CoCr and Ti6Al4V at the solid top region outside the porous 
network. In contrast, inside the porous network, CoCr exhibited lower BIC 
than Ti6Al4V, as well as lower BIC than outside the porous network. Since 
mechanical stimulation of the healing sites under physiological loading 
cannot be discounted, it is plausible that biomechanical environments inside 
and outside the porous network are distinctly dissimilar even under 
physiological loading conditions. As predicted by the Gibson & Ashby 
relationship 200, the stiffness of porous constructs is related to their relative 
density. The difference between the stiffness of Ti6Al4V and CoCr scales by 
a factor of two – CoCr being twice as stiff than Ti6Al4V 134. Therefore, 
attributable to the difference in the overall stiffness of Ti6Al4V and CoCr 
constructs, the extent of stress transfer into bone inside the porous network 
may also not be equivalent for the two alloys. Bone may experience a greater 
extent of stress shielding inside the porous network than outside, particularly 
more so in the case of CoCr than Ti6Al4V. The difference in the local 
biomechanical environment is exaggerated at the periphery of the porous 
network, where the osteocyte density is higher, the mineral-to-matrix ratio is 
lower, and the carbonate-to-phosphate ratio is higher for CoCr than Ti6Al4V. 
Nevertheless, osteocytes make direct contact with the surface of both 
Ti6Al4V and CoCr, indicating that CoCr is indeed biocompatible and 
supports bone formation by contact osteogenesis. 

Accurate morphometric assessment of in vivo performance of porous metal 
constructs remains a formidable task. Preparation for histological assessment 
results in up to 15% volumetric shrinkage 201. Non-destructive techniques 
such as lab-based micro-CT allow assessment of bone ingrowth into 
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Ti6Al4V, but the direct bone-implant contact is often difficult to measure 
accurately or reproducibly, due to artefacts such as beam hardening and 
scatter 202. This is perceived to be an even greater challenge when using 
alloys of a higher density, e.g., CoCr. Furthermore, smaller structures such as 
osteocyte lacunae can be difficult to identify, and their investigation is better 
suited to higher resolution techniques such as BSE-SEM, in 2D 163, and 
synchrotron radiation micro-CT, in 3D 172. 

By keeping total porosity within a narrow range, e.g., 65–70%, pore 
dimensions can be varied 203, or vice versa, it is possible to identify the ideal 
combination of pore size and percentage porosity for optimal biomechanical 
anchorage and bone ingrowth. 

Finally, as is true for all 3D printing technologies applicable to the 
production of implantable medical devices, EBM can be used to fabricate 
patient-specific implants. 3D printed, Ti6Al4V osteosynthesis plate has been 
used to secure a microvascular fibula flap in the reconstruction of the 
mandible 204. Similarly, EBM has been successfully taken advantage of in the 
reconstruction of the mandible in an 84-year-old female 133. 

5.4 Osteocytes and the bone-implant interface 
Osteocytes, by virtue of their morphology, provide useful information 
regarding the state of native bone in normal and disease states. Likewise, 
osteocytes provide important information pertaining to the state of bone 
formed adjacent to metal or alloy implants. For instance, the average number 
of canaliculi per osteocyte lacuna tends to be higher adjacent to implant 
surfaces, compared to the native bone [Papers V and VII]. This is primarily 
related to tissue age, since bone adjacent to an implant surface will always be 
less aged compared to the native bone, in the same individual. However, 
what this suggests is that the interfacial tissue is vital tissue that is continually 
renewed, as dictated by the biomechanical environment next to the implant 
surface. This is further supported by interfacial tissue composition. For 
example, at six months of healing in sheep, the mineral-to-matrix ratio of the 
interfacial tissue is approximately similar to the native bone (> 1.5 mm from 
the Ti6Al4V implant surface) [Paper VII] and newly formed bone (300–700 
µm from the Ti6Al4V implant surface) [Paper VIII]. 

Osteocytes express a diverse set of genes whose functions range from 
regulation of mineralisation (DMP1, SOST), to phosphate homeostasis 
(PHEX, MEPE, FGF23), and cytoskeletal arrangement and/or dendrite 
formation (E11, CD44, CapG, Cdc42, and destrin) 205. In comparison, when 
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available in adequate concentrations, and where other conditions such as pH 
are favourable, the formation of biominerals such as apatite, is entirely 
thermodynamically driven. For instance, geological apatite forms entirely 
independent of cellular intervention and retains a high degree of long-range 
order, i.e., mineral crystallinity 32. Therefore, if cells (i.e., osteoblasts 
initially, and osteocytes later) had little or no role to play in controlling the 
mineralisation process, either by the production of the organic matrix in an 
organised manner or by the production of mineralisation inhibitors such as 
alkaline phosphatase, it would not be uncommon to find hypermineralised 
regions (i.e., significantly elevated mineral-to-matrix ratio) adjacent to the 
implant surface. The argument, therefore, is that at intermediate and/or long 
healing periods, osteocytes have an active role to play in the continued 
maintenance of osseointegration. 

It is not possible to directly visualise the osteocytes or their dendritic 
extensions by the resin cast etching technique 162. In fact, the embedding resin 
infiltrates the pericellular space while the cellular components remain 
encapsulated inside. In the case of the Ot.LCN, the resin occupies the 
pericellular fluid space between the cell (or the dendrite) and the surrounding 
bony wall. Therefore, the observed resin filled structures approximate the 
inner dimensions of the lacuno-canalicular system, rather than those of the 
cells themselves. Indeed, certain conditions, for instance hypoxia and skeletal 
micro-damage may induce osteocyte apoptosis and/or the disruption of 
osteocyte processes. In such cases, although the cells and their dendritic 
extensions may be affected, the resin casts of the network remain 
approximately intact 206. Moreover, although with the use of this technique, 
no evidence can be provided regarding whether the osteocyte processes were 
actually within the canaliculi, it may be assumed that the visualised 
osteocytes would include viable osteocytes as well as a certain unknown 
proportion of osteocytes in various stages of ageing and apoptosis, which can 
be confirmed by complementary histological assessment. 
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6 CONCLUSIONS 
–Nanoscale mineral platelets at the osteoblastic-osteocyte lacuna (Ot.Lc) 
floor are aligned approximately parallel (within 0°–45°) to the long axis of 
the Ot.Lc. The mean orientation of mineral platelets at the Ot.Lc floor was 
19° in the tibia and 20° in the femur. The majority of Ot.Lc exhibit a mean 
orientation of mineral platelets in the 0°–25° range [Paper I]. 

–Post-apoptotic mineralisation of the osteocyte lacuna in bisphosphonate-
exposed human alveolar bone involves the formation of ~80 nm to ~3 µm 
wide, facetted, magnesium whitlockite crystals and consequently altered local 
mechanical properties, in addition to randomly oriented acicular apatite 
nanocrystallites distributed in between [Paper II]. 

–Autogenous fragments contribute towards osteogenesis within healing 
surgical defects, e.g., in the vicinity of bone-anchored implants. Such 
fragments contain osteocytes that are able to restore physical connectivity 
with osteocytes (osteoblastic-osteocytes) in de novo formed bone on the 
surface of such fragments, through canaliculi that contain cytoplasmic 
extensions of osteocytes [Paper III]. 

–Compared to machined implants, laser-modified implants exhibit greater 
biomechanical anchorage, and a distinctly different load deformation pattern. 
The BIC, BA, extracellular matrix composition, and osteocyte densities are 
similar for machined and laser-modified implants [Paper IV]. 

–Functionally loaded, nano-textured, laser-modified cp-Ti implants promote 
bone formation and remodelling, resulting in a functionally graded interface 
characterised by a gradual intermixing of bone with the thickened surface 
oxide layer [Paper V]. Furthermore, through canaliculi, osteocytes can make 
and retain intimate contact with implant surfaces and follow the contour of 
the implant surface even after extended healing periods in functionally loaded 
conditions [Paper VI]. 

–Compared to the machined surface, the EBM surface promotes bone 
healing, as evident from the carbonate, phenylalanine, and tyrosine content at 
the bone-implant interface. Furthermore, the EBM surface retains a higher 
number of osteocytes, indicating a greater capacity for sensing mechanical 
loading [Paper VII]. 
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–Bone ingrowth can be achieved into open-pore CoCr constructs fabricated 
by EBM. Although Ti6Al4V shows higher BIC than CoCr, bone formation 
patterns around and inside open-pore CoCr and Ti6Al4V are comparable. 
While CoCr does not induce gross changes in the extracellular matrix 
composition at the centre of the porous network and outside the porous 
network, differences in the carbonate and phosphate content, as well as a 
higher osteocyte density at the periphery of the porous network, compared to 
Ti6Al4V, suggests differences in the local biomechanical environment 
attributable to the greater stiffness of CoCr [Paper VIII]. 

Whether from the shape of the lacunar space while the cell is undergoing a 
transformation from a surface osteoblast to a matrix-embedded osteocyte, or 
by the constituents of the lacunar space long after the cell has undergone 
apoptosis, osteocytes reveal important information about the relative age of 
the local tissue. Moreover, their presence on the surface of bone fragments, 
generated unintentionally during implant site preparation, attests not only in 
favour of the osteogenic potential of these fragments but may also indicate 
whether cells within such fragments are viable or not. Furthermore, 
morphological parameters such as size, alignment with respect to bone 
lamellae, prevalence, proximity to small and large blood vessels, or lacuno-
canalicular interconnectivity between neighbouring and distant osteocytes, all 
disclose subtle clues regarding the status of bone as tissue regeneration 
occurs in the vicinity of, and in response to, implanted biomaterials. In terms 
of alignment and organisation of the building blocks of bone, i.e., mineralised 
collagen fibrils, ultrastructural similarities between the bone-osteocyte 
interface and the bone-implant interface indicate that certain metals and 
alloys indeed tend to elicit bone bonding and remodelling similar to normal 
bone development. Overall, while osteocytes are indicators of bone quality, 
they are important structural markers of osseointegration and can prove 
extremely beneficial in characterising the bone response to currently 
available materials as well as novel materials for load bearing applications in 
dental rehabilitation and orthopaedics. 
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7 FUTURE PERSPECTIVES 
The findings reported in this thesis validate the importance of the Ot.LCN in 
interpreting the physico-chemical status of bone. Through the use of 
hierarchical imaging techniques and a range of complementary spectroscopy 
techniques, various structural parameters have been identified that correspond 
to phases of bone formation, remodelling, and ageing. Specifically in the 
context of bone anchored metal implants, it would be pertinent to explore 
further the following:  
 
–The ultrastructure of the interface, i.e., arrangement of collagen fibrils and 
apatite, and the dynamics of bone formation and remodelling to a given set of 
implant design features in different compromised conditions, e.g., diabetes or 
irradiated tissues. 
 
–The effect of ultrastructural organisation on the resulting function, e.g., 
mechanical load transfer. 
 
–Distinguishing between contact osteogenesis and other sources of bone 
formation within a healing defect, i.e., distance osteogenesis, woven bone, 
and autogenous bone fragments, to determine the absolute osteogenic 
potential of various implant design features. 
 
–Adaptation of the Ot.LCN adjacent to physiologically or externally loaded 
implants of varying bulk moduli but similar external dimensions, surface 
chemistry, and topography. 
 
–Gene expression of osteocytes with respect to distance from the implant 
surface under external loading and physiological loading. 
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