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ABSTRACT 

   The trend for designing of a titanium implant explored using different 

chemical compositions and crystallinity materials until people realized that 

the implant surface character was another important factor affecting the rate 

and extent of osseointegartion. Titanium received a macroporous titania sur-

face layer by anodization, which contains open pores with average pore di-

ameter around 5μm. An additional mesoporous titania top layer was created 

that followed the contour of the macropores and having 100–200 nm thick-

ness and a pore diameter of 10 nm. Thus, a coherent laminar titania surface 

layer was obtained producing a hierarchical macro- and mesoporous surface. 

The interfacial bonding between the surface layers and the titanium matrix 

was characterized by a scratch test that confirmed a stable and strong bond-

ing of the laminar titania surface layers upon titanium. The wettability to 

water and the effects on the osteosarcoma cell line (SaOS-2) proliferation 

and mineralization of the formed titania surface layers were studied system-

atically by cell culture and scanning electron microscopy (SEM). A synergis-

tic role of the hierarchical macro- and mesoporosities was revealed in terms 

of enhancing cell adhesion, proliferation and mineralization, when compared 

with the titania surface with solo porosity scale topography.  

   For the in vivo results of the evaluation of osseointegration, an argon ion 

beam polishing technique was applied to prepare the cross sections of im-

plants feasible for the high resolution SEM investigation. The interfacial 

microstructure between newly formed bone and implants with four modified 

surfaces including the new hierarchical macro- and mesoporous implant 

surface retrieved after in vivo tests were characterized. By this approach it 

has become possible to directly observe early bone formation, the increase of 

bone density, and the evolution of bone structure. The two bone growth 

mechanisms, distant osteogenesis and contact osteogenesis, can also be dis-

tinguished. These direct observations give, at microscopic level, a better 

view of osseointegration and explain the functional mechanisms of various 

implant surfaces for osseointegration. 

 

Keywords: Porosity; cell adhesion; cell proliferation; surface topography; 

implant; bone-implant interface; argon ion beam polishing; osteogenesis; 

osseointegration. 
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Introduction  

1.1 Implants 

   Titanium implants have been used for dental root replacement for more 

than four decades with excellent clinical results [1, 2]. Now the implants 

have completely changed surface topography, surface chemistry and physi-

cal properties compared with machined surfaces with grooved and micro-

pitted surface topography origination from the turning process. Early re-

searches focused upon implant coatings of different chemical composition 

and crystallinity of biomaterials [3, 4]. Much attention has been made for 

understanding the effect of surface topography on the implant performances. 

The recent trend is design of dental implants with a superior titania surface 

topography. There are numerous reports that demonstrate that implants with 

microrough surface are capable of rapid and increased bone accrual or bone-

to-implant contact (BIC), which also were accepted in the dental implant 

marketplace [5-8]. The microrough surface on the implant presents a higher 

surface area than a smooth surface, which increases bone anchorage and 

reinforces the biomechanical interlocking of the bone with the implants, see 

Fig. 1 [9, 10]. Besides the implant surface with microrough surface, implant 

surface profiles in the nanometres range (1-100 nm) also play important 

roles which appear to affect the adsorption of proteins, cell interactions, cell 

behaviours, and finally osseointergration when compared to conventional 

sized topography, see Fig. 2 [11-14].  
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Fig. 1. Schematic illustration is shown of the migration of osteogenic 

cells upon the implant surface with and without microrough surface. 

 

 

Fig. 2. Schematic illustration of surface nanotopography affects cell in-

teractions at surfaces and alters cell behaviour compared with conven-

tional size topography. 

 

   It was interesting, however, that there were also studies reporting a de-

creasing or no effect of nanorough surface in osteoblast proliferation in the 

absence of a microrough surface [15-18].   In other words, both the micro- 

and nanorough surfaces are important for an implant; thus optimal evolution 

for an implant is not one roughness size in preference to the other. The pres-

ence of micro- and nanoporosity are not contradictory, but compatible. The 

synergetic effect of hierarchical micro/nanorough titania surface combines 

each advantages and can promote an enhanced bone formation and cell ac-

tivities, see Fig. 3 [19]. 
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Fig. 3. Interactions between bone and the implant surface at different 

scales of roughness are schematically shown. 

1.2. Microrough surfaces 

    Microrough surface of an implant has already been accepted by implant 

marketplace and clinical because it results in greater accrual of bone at the 

implant surface. An implant surface with microroughness can be achieved 

with a combination of two different processes. One is introducing an extra 

coating or layer to the implant surface, like a calcium phosphate coating [20], 

by plasma spraying [21], by sputter-deposition [22, 23], biomimetic precipi-

tation [24] and bioactive glass coatings [25]. Another method is eroding the 

implant surface with blasting or etching, such as sandblasting [26] and acid 

etch, respectively [27]. 

 

1.3. Nanorough surfaces 

   Microrough surface of an implant owns good ability for bone anchorage, 

but there still are problems desired to be addressed, including impose bone 

formation or prevent bone resorption. This is caused by the limited ability of 

only a microrough implant surface and directly affects the initial fate of sur-

rounding tissues. One expected approach is using nanorough surface to in-

duce intrinsic osteoinductive signalling of the surface adherent cells [28]. 

The types of surface modifications for nanoroughness are summarized in Fig. 

4. Common methods to develop nanoroughness on implant surface are coat-
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ing, etching, deposition, anodic oxidation and laser modification [19, 29-36]. 

In these surface topographies, the surface layers with meso-scale porosity, i.e. 

with pore size within the range of 2–50 nm, are especially active for adsorp-

tion of proteins.  The mesoporous materials have been developed mainly 

during the last decades owing to their applications in optoelectronic devices 

[37], in photovoltaic [38-40] and in the biomedical field [41]. In general, 

mesoporous materials are derived from molecular assemblies of large surfac-

tants that template the inorganic components during synthesis. The mesopo-

rous matrices are stabilized by removing the surfactant by pyrolysis or disso-

lution [42-45]. The surface condition is crucial for implant design as it af-

fects the rate and extent of osseointegration [46-48]. Presence of mesopo-

rosity has been demonstrated to induce and speed up the formation of a 

bone-like apatite layer; thus the rate and extent of osseointegration [49-53]. 

 

 

Fig. 4. Nanorough surface modifications are illustrated. (a) Self-

assembled monolayers can change the topography and chemistry of a 

surface to introduce novel physical and/or biochemical properties. (b) 

Deposition or chemical modification techniques can give nanoscale fea-

tures (x ≤ 100 nm) in a manner that are distributed in microscale (y > 

100 nm). (c) Compaction methods can place nanoscale features in na-

noscale distribution. (d) Isotropic surfaces can be created in the na-

noscale (x ≤ 100 nm) by subtractive or additive methods. The distribu-

tion can be in either the nano- (y) or micro-scale (Y) [28]. 
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1.4 Implants surface properties 

   In addition to surface microstructure, surface energy and surface composi-

tion are also identified as important for the clinical outcome of an implant 

system. 

   Surface energy, usually measured as wettability, has been suggested to be 

important for the implants surface [54]. The hydrophilicity can increase the 

initial adsorption of plasma proteins [55]. There are several methods to in-

crease hydrophilicity including post-etching, chemical modification and 

storage in an aqueous solution [56], by heat-treatment of the native surface 

increasing the thickness and crystallinity of the surface oxide [57], and, fi-

nally, by photo-catalytic phenomena upon irradiation by UV light [58]. 

   Another surface property is the phase composition of the titanium oxide 

layer upon the implant surface. It is well established that the outermost layer 

of titanium implants mainly consists of titanium dioxide [59-61]. The phase 

composition of the oxide layer has an impact on the nucleation and precipita-

tion of hydroxyapatite on the surface. The isoelectric points for crystalline 

titania is less than pH 7 [62]. The surface comprises a highly negative charge 

in a simulated body fluid (SBF) (pH=7.2). Thereafter, the Ti-OH groups 

formed on the surface attract the positively charged Ca
2+

 ions in the SBF 

environment. As a result, an apatite crystalline layer is first formed on sur-

face when positively charged Ca
2+

 ions bind with negatively charged phos-

phate ions in the SBF. Contrary, an amorphous TiO2 surfaces showed low or 

no hydroxyapatite precipitation [63] 

   Moreover, for clinical and biological factors, the mechanical property of 

implant surface is also important. Detachment and toxicity of related debris 

are hidden troubles for cell viability and proliferation [64]. The implants 

surface should undergo and survive during drilling in the host bone. 

1.5 Implants surface with hierarchical 
micro/nanoroughness 

   The microrough surface upon the implant facilitates bone in-growth and 

nutrient delivery to the center of regenerated bone, and a nanorough surface 

present can induce and enhance cell behaviours. Thus, a combination of 

micro- and nanoroughness on implant surface is highly beneficial. This 

combination can be achieved by a hierarchical microroughness and nano-

roughness upon the same implant surface. 
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1.5.1 Hierarchical micro/nanorough surface alters surface 

wettability 

   When implants come into contact with a biological environment, protein 

adsorption occurs immediately. Many studies have demonstrated that the 

hydrophilic surface allowed an interchange of adsorbed albumin by extra-

cellular matrix proteins, but on a hydrophobic surface adsorbed albumin is 

not replaced by extra-cellular matrix proteins, which block cell adhesion [65, 

66]. Further, higher hydrophilicity attracts more tissue fluid to increase the 

migration and arrangement of osteogenic cells, which is beneficial to osse-

ointegration [67]. Many studies showed an extreme increase of hydrophilici-

ty when a nanoroughness was introduced by acid etching, anodizing or coat-

ing upon a microrough surface [68-70]. Interestingly, Sang-Won Park and 

colleagues [70] found hierarchical micro/nanorough surface treated by sand-

blasting and anodizing owned the highest hydrophilicity compared with a 

surface with only microroughness or nanoroughness. It reveals the favour of 

cooperation of micro- and nanoroughness upon same top surface rather than 

affecting the titania properties by other methods mentioned in the introduc-

tion. 

 

1.5.2 Hierarchical micro/nanorough surface alters cellular 

responses. 

 

1.5.2.1 Cell adhesion and spreading 

   The positive effect of using a hierarchical micro/nanorough surface to im-

prove the cell adhesion and spreading is remarkable. These results are in 

agreement with many researches in recent years [29, 31-35, 68]. Two key 

factors are believed to relate to this improvement. One is the good hydro-

philicity of hierarchical micro/nanorough surface, as mentioned above, that 

have also positive effects on adherent proteins and cell adhesion properties 

[71-73]. Secondly, the presence of nanoroughness, in addition to the micro-

roughness, may improve the cells behaviours. The cells are not able to attach 

well to the surface which only has microroughness; even that there are some 

present filopodia extensions. For the nanorough surface, however, the cells 

are integrating into the surface [28, 68, 73]. Furthermore, the hierarchical 

micro/nanorough surface also modulates cell shape [29, 35, 73], which is 

believed to alter the mechanotransduction of cells on biomaterials. The 

mechanotransduction originating from cell nucleus distortion by force trans-

ferred via the cytoskeleton can steer the cell fate [74-77]. The well spread 

cells with proper features will undergo the osteogenesis, but the poorly 

spread cells become adipocytes [78-80]. P.K. Chu and co-workers [35] 

found most of the mesenchymal stem cells (MSCs) have a small fibroblast-
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like shape on a smooth surface, but appear with a polygonal osteoblast-like 

shape upon microrough, nanorough or hierarchical micro/nanorough surfac-

es. The highest spreading level was always observed on the hierarchical mi-

cro/nanorough surface because it shows better osteogenesis ability profiting 

from the nanorough structure than for the sole microrough surface. In addi-

tion, having extra skeletal tensions formed by the close attachment of cells 

following to the microrough surface compared with surface with the sole 

nanoroughness. 

1.5.2.2. Proliferation 

   Apparently, the hierarchical micro/nanorough surface can increase cell 

proliferation, although there are some reports that microroughness reduces 

osteoblast proliferation [81-84]. It was confirmed, though, that the nano-

rough structural features can increase cell proliferation [18, 85]. Because of 

synergistic effects rendered by the combination of micro- and nanoroughness 

found in the hierarchical micro/nanorough titania surface, the latter can still 

enhance cell proliferation; even better than surface with a sole nanorough 

surface [29, 35]. 

1.5.2.3. Differentiation 

   The mesenchymal cells differentiate rapidly along the osteoblast lineage 

and this is another important step for the process of osseointegration. Alka-

line phosphatise activity (ALP) and runt-related transcription factor 2 

(Runx2) are believed to be the key transcription factors controlling early 

osteoblast differentiation [86]. Other differentiation-related genes, such as 

osteocalcin and osteopontin, are associated with later osteogenic tendency 

[87, 88]. Up to now many studies have evaluated the gene expression pattern 

indicative of differentiation of osteoblasts on the hierarchical mi-

cro/nanorough surface. For instance, X. Chen et al [29] compared the ALP 

activity and the OCN/OPN expression of MSC cells level on four different 

surfaces comprising a smooth surface, a nanorough surface, a microrough 

surface and the hierarchical micro/nanorough surface. The hierarchical mi-

cro/nanorough surface displayed significantly higher ALP activity and more 

OCN/OPN than any of the other three surfaces. A lot of other studies give 

similar results [31, 32, 34-36, 68, 69, 73].  It cannot be expressed that this 

improvement of ALP activity and OCN/OPN is simply because of the nano-

roughness alone, although the nanoroughness might contribute [89, 90]. K. 

D.Yun et al [70] found that the osteoblast differentiation did not exhibit any 

obvious effect on the nanorough surface alone. An microstructure surface, 

presenting valley-like features with a distance gaps about one micrometre, 

was demonstrated to severely hinder the intracellular communication via an 

integrin recognition pathway related to osteogenic differentiation activity in 

cells [91]. Most experiments have suggested that the enhanced osteoblast 

differentiation was probably due to the synergistic effect of mi-
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cro/nanoroughness. Hierarchical micro/nanorough surfaces having a moder-

ate topography, when measured with nanotopography, stimulate the differen-

tiation. Thus, these kinds of hierarchical micro/nanorough surface structures 

can promote the cell differentiation.   

1.5.2.4. Cell responses of different states of osteoblast lineage cells 

   R.A. Gittens et al found that the cell response upon a nanorough surface 

were dependent on the differentiation state of osteoblast lineage cells [92]. 

They found lower osteoblast cell numbers and ALP activity on the combined 

micro/nanorough  surfaces, but higher levels of OCN, osteoprotegerin and 

vascular endothelial growth factor (VEGF)  [19, 30]. They thought that the 

increased proliferation was because the cell proliferation was evaluated at 

very early times and thereby tested cell metabolic activity rather than prolif-

eration [19]. Differences in ALP activity between their results and other 

studies may be due to the biphasic nature of ALP. They believed ALP 

showed an increase at the early stages of osteoblast differentiation followed 

by a decrease in activity when more mature osteoblasts starts producing os-

teocalcin just before mineralization [93]. Interestingly, R.A. Gittens also 

found a decreased differentiation of MSCs osteoblasts on the mi-

cro/nanorough surfaces. It can be confirmed that the superposition of 

nanostructures on microrough surface can interfere the osteoblastic differen-

tiation of MSCs, as mentioned above, and also the wettability of surface. 

Thus, it was possible that the nanoroughness and wettability of surface elic-

ited alternative lineage commitments. The contact angle of the mi-

cro/nanorough surface used was over 130º, a hydrophobic surface, which 

suppressed MSCs osteoblastic differentiation. 

 

1.6 Osseointegration 

   The demanding orthopedic implants allow the growth of osseous tissue 

into their surface and support connective tissue with a stable anchorage de-

pending on the surface properties [94]. Successful clinical use of endosseous 

implants is driving the need for continuing refinements in implant design and 

optimization of the biological healing responses following implant place-

ment. The term of osseointegration, defined as the direct contact between 

living bone and a load-carrying implant, was coined by Brånemark with the 

increasing application of implants [2, 95]. While this term has found consid-

erable use in the clinical community as describing the functional stability of 

an endosseous implant, it is a term that has eluded satisfactory scientific 

definition and provided little insight into the mechanisms of bony healing 
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around implants [96, 97]. Generally, bone forms by two different processes 

around implants named distant osteogenesis and contact osteogenesis. In the 

former case, bone formation proceeds towards the implant from old bone. In 

this case the old bone provides the osteogenic cells forming the matrix to 

encroach the implant. That is the main reason there are many osteocyte lacu-

nas in new bone areas.  In the latter case, bone growth starts upon the im-

plant surface [98-100]. It will undergo two early peri-implant healing pro-

cesses; osteoconduction and de novo bone formation [98, 99]. Osteoconduc-

tion can generate the knock-on effects on implant surface by recruitment and 

migration of osteogenic cells by the initiation of platelet activation to the 

implant surface, while de novo bone formation results in a mineralized inter-

facial matrix formed on implant surface. In the later stage of osseonintegra-

tion, new bone formed by either distance osteogenesis or contact osteogene-

sis merged together to establish a tightly fixed interface between implant and 

bone. 

1.7 Evaluation of osseointegration 

    Osseointegration is commonly characterized by light microscopy or scan-

ning electron microscopy (SEM) observations of the surface of an extracted 

implant or its mechanically polished cross section [101-107]. The factor 

BIC, defined as the percentage of dental implant surface covered by newly 

formed bone, is one of the critical parameters used to quantify the degree of 

osseointegration. In practice, it appears difficult to accurately determine BIC 

due to the technical limitation in specimen preparation to expose the inter-

face between bone and implant. Different BIC numbers may be generated by 

taking microscopic images under different magnifications. Furthermore, BIC 

numbers give no information about the type of bone formed around the im-

plants. Moreover, other evaluation methods, like removal torque tests and 

success and failure criteria, can show a series parameters including removal 

torque and implant survival which are proofs of the establishment of osse-

ointegration. However, they barely give an insight to the progress and mech-

anism of bone formation around implants.  A careful evaluation and under-

standing of the nature of the interface between the bone tissue and the im-

plants by other means appears necessary for guiding implant design, particu-

lar for improving initial stability and speeding up the healing procedure. 

1.8 Argon ion beam polishing 
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   Mechanical polishing of the interface limits the resolution to about 1 µm 

which prevents a more detailed, quantitative analysis of the interaction be-

tween the implant surface and bone tissue. Focused ion beam milling was 

also used to prepare cross sections of implants and the tissue/implant inter-

faces [108-111]. This method provides a promising route to prepare cross 

sections without mechanical impact on the sample, but the drawback is that 

only small regions of interest on the specimen can be studied. Argon ion 

beam polishing is particularly useful for studying composite materials or 

interfaces [112, 113]. A precut sample block containing the region of an 

implant-bone interface is almost fully protected by a shield plate and it co-

vers half of the ion beam, see Fig. 5. A small part of the sample which is 

about 75 µm wide protrudes from the cover and is removed by the ion beam, 

leaving a well-polished surface. Sharp interfaces between hard and soft 

components are obtained, which is difficult to achieve by mechanical polish-

ing. The polished area is sufficiently large to obtain quantitative information 

and subsequent SEM observation can achieve high-resolution observation 

for the interfaces between implant and bone tissue. 

 

 
Fig. 5. Schematic representation of the argon ion beam polishing setup. 

A precut sample block (approximately 1×5×5 mm
3
) containing the re-

gion of bone-implant interface is almost fully protected by a shield plate 

and it covers half of the ion beam. The arrow point at the polished area 

and this is also the viewing direction in SEM. 

 

1.9 The aims 

 

      The aims of this thesis are to generate a new titanium implant surface 

with a hierarchical micro/nanorough surface and to use an evaluation ap-

proach of osseointegration to visualize the interface between newly formed 

bone and implant by argon ion beam polishing. The titanium implant was 
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firstly anodized and contained therefore macroporosity as the microrough-

ness. A thin coherent titania layer with mesoporosity was thereafter intro-

duced on top as a nanoroughness. The mechanical and bioactive properties 

in vitro including SBF test, cell adhesion, proliferation and mineralization of 

the new developed titania surface with hierarchical macro- and mesoporosity 

were evaluated. Four kinds of implants were collected from in vivo tests 

carried out by placing implants with macropourous surfaces in mini pigs, 

implants with selective laser melting (SLM) surface in beagle dogs, and im-

plants with sand-blasted, large-grit, acid-etched (SLA) surface in sheep, and 

the new titanium implant with hierarchical macro- and mesoporous titania 

surface in dogs. The two bone formation mechanisms, distant and contact 

osteogenesis were studied at a microscopic level. The time dependent coher-

ence and quality of the newly formed bone can also be characterized at high 

resolution in SEM. It was found that the new titanium implant with hierar-

chical macro- and mesoporous surface can promote osseointegration. 

   In summary, new implant surfaces were developed and used to evaluate 

osseointegration of four different implants, including the new implant struc-

tures which described in this thesis.  
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2. Experiments 

2.1Hierarchical macro- and mesoporous implant 
surfaces 

2.1.1 Materials 

   Titanium alloy (Ti6Al4V) disks (15 mm in diameter and 2 mm in thickness) 

were prepared by turning and were used with the as-machined surface as a 

reference in this thesis. Disks of the same size with a macroporous titania 

surface layer were prepared and supplied by Nobel Biocare AB, Gothenburg, 

Sweden. The oxide surface on these disks was produced with the identical 

spark anodization process as for producing TiUnite® surface on dental im-

plants [48-49]. The thickness of a macroporous titania (anatase) layer is 

about 3-7 μm and the pores are about 1-7 μm in size. The other kind of disks 

with macroporous titania surface was produced with microarc oxidation 

process and supplied by Tsinghua University, China. The thickness of mi-

croarc oxidation macroporous layer is about 1-3 μm and the pores size are 

from 300 nm to 3 μm.  

The chemicals used in this thesis for preparing mesoporous titania top layer 

are non-ionic amphiphilic triblock copolymer HO(CH2CH2O)20(CH2CH 

(CH3) O)70(CH2CH2O) 20OH (Pluronic P123, Sigma-Aldrich, St. Louis, USA) 

was used as a template and titanium (IV) tetraethoxide (Technical grade, 

Sigma-Aldrich) as the inorganic precursor. In addition, concentrated hydro-

chloric acid (37%) and pure ethanol (99.5%) were used for adjusting pH and 

as solvent, respectively. 

2.1.2 The formation of a mesoporous titania top layer 

   A dip coating method based on the evaporation-induced self-assembly 

(EISA) principle was used for introducing a mesoporous coating on all sur-

faces [114-116]. Typical synthesis steps are 0.5 g P123 was dissolved in 40 

ml ethanol as the structure-directing agent. Another solution was prepared by 

slowly adding 1.35 ml of concentrated hydrochloric acid (37%) into 2.1 g of 

titanium (IV) tetraethoxide. The final reactive solution was prepared by mix-

ing the two former solutions under vigorous stirring for 3 hours at room 

temperature. The as-machined smooth disks and the disks with macroporous 

titania surface layer were dip-coated into the precursor solution with a with-

drawal speed of 0.05 mm/s. (For the mesoporous titania coating on a QCM 

sensor, the titanium sensor was masked by tapes (Scotch, 3M) on counter 

electrode side. Then the masked titanium sensor was dip-coated into the 
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precursor solution with a withdrawal speed of 2.25 mm/s.) The coated disks 

were aged at room temperature for 3 hours and then calcined with a heating 

rate of 1 ºC/min to 100 ºC and hold for 2 hours. Finally, the coated disks 

were heated up to 300-400 ºC and annealed for another 4 hours.  A crack-

free mesoporous top layer following the contour of the macroporous surface 

and as-machined smooth surface was formed with a thickness of 100-200 nm. 

2.2 Mechanically stability and wettability 

   Scratch tests were carried out on a hierarchical macro- and mesoporous 

surfaces with a Micro Scratch Tester (CSM Instruments SA, Peseux, Swit-

zerland) using a hemispherical Rockwell C diamond indenter with tip radius 

of  200 μm. During measurements, two scratches were made with the load 

increasing linearly from 1N to 20N.  Two scratches were made under a con-

stant load of 1 and 5N. Two scratches were made under a progressive load; 

the first beginning at 1N to the end load of 10N, loading rate of 9.72N/min, 

scanning load of 0.9N and scanning speed of 5.4mm/min. The second, be-

ginning at 5N to the end load of 20N, loading rate of 16.2N/min, scanning 

load of 0.9N and scanning speed of 5.4mm/min. For all tests the hardware 

settings were the same, being Fn contact: 0.9 N; Fn speed: 20 N/s; Fn Re-

move speed: 20 N/s; Approach speed: 15 %/s. During the scratch test the 

penetration depth, friction coefficient and acoustic emission were recorded. 

After the scratch test the scratched areas were examined by SEM.  

    Contact angle measurements were carried out at room temperature on a 

DatePhysics OCA40 instrument (DataPhysics Instruments GmbH, Filder-

stadt, Germany). Contact angle measurements were performed on disks with 

a macroporous titania surface layer and disks with the hierarchical macro- 

and mesoporous surfaces layer, using water as liquid. The contact angle was 

measured three times for both test, and all measurements were performed on 

different specimens. 

    Quartz crystal microbalance (QCM) measurements were performed using 

Q-Sense E1 equipment with humidity chamber of Biolin Scientific in room 

temperature. All sensors were cleaned by 5 minutes sonication in isopropa-

nol followed by 5 minutes sonication in purified Millipore water (resistivi-

ty > 18 MΩ cm). 
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2.3 In vitro tests 

2.3.1 SBF test 

   The in vitro test in SBF was performed to evaluate the titania (apatite) 

formation on the macroporous surface and the hierarchical macro- and mes-

oporous surface. The SBF solution was proposed by Kokubo et al [117], 

which has a composition and concentration similar to those of the inorganic 

part of human plasma. Each macroporous surface disks and hierarchical 

macro- and mesoporous surface disks were immersed in 25 ml SBF con-

tained in a polyethylene bottle. The bottles were placed in a chamber with a 

temperature of 37 °C for one week. After soaking, the disks were collected 

from SBF, rinsed with water and air dried at room temperature. SEM and X-

ray diffraction patterns were carried out on both kinds of disks before and 

after SBF test to evaluate the rate of titania (apatite) formation.  

2.3.2 Cell culture 

   Human osteosarcoma cells (SaOS-2) were routinely passaged and cultured 

in McCoy’s medium containing 10% FCS with 1% glutamine, 100 Ug/mL 

penicillin, and 100 Ug/mL streptomycin. Cultures were grown at 37°C in a 

humidified atmosphere of 5% CO2. Medium was changed every 2 days. Ex-

perimental cultures were created by briefly washing the confluent cell layer 

with Hank’s balanced saline solution without Ca
2+

 or Mg
2+

 followed by tryp-

sinization of the cells (0.25% trypsin/0.02%EDTA in Ca
2+

 and Mg
2+

 free 

phosphate-buffered saline, PBS: 137 mM NaCl, 2.7 mM KCl,10 mM 

Na2HPO4, 1.76 mM KH2PO4, pH 7.40). After 3 days of culture, the cells on 

the different disks were washed with phosphate-buffered saline (PBS) for 

three times and fixed. After fixation the disks were washed three times with 

PBS for 10 minutes each wash. The washed disks were then dried for SEM 

study. Six independent experiments were performed for every surface.  

2.3.3 Cell proliferation/viability assesses 

   SaOS-2 at a density of 5 x 10
3
 cells per well of a 24-multi-well plate (Or-

ange Scientifique, Braine-l'Alleud, Belgium) and cultured for 72 h in 

McCoy’s medium, and supplemented with 5% fetal calf serum (FCS). After 

an incubation period of 72 h cell density as a marker for cell proliferation 

was determined by a colorimetric method based on the tetrazolium salt XTT 

using Cell Proliferation Kit II (Roche, Mannheim, Germany) following to 

the supplier’s recommendations [118]. Six independent experiments were 

performed for every surface and blank plate as control group.  
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2.3.4 Mineralization of SaOS-2 cells in vitro 

  SaOS-2 cells were seeded either on control bottoms of the multi-well plates 

or on the smooth and porous surfaces. To induce mineralization, cells were 

incubated for up to 5 days in McCoy’s medium (containing 15% FCS, 50 

µM ascorbic acid, 10 nM dexamethasone, and 5 mM β-glycerophosphate). 

Then the cells were fixed and stained with 10% alizarin red S, as described 

in Schröder et al [119]. Finally, biomineralization was quantitatively deter-

mined using the dye reagent alizarin red S [120]. After pelleting the cells the 

resulting supernatant was supplemented with ammonium hydroxide to neu-

tralize the acid and the optical density was read at 405 nm. After generating 

a calibration curve, the moles of bound alizarin red S were determined. The 

values were correlated/normalized to total DNA amount that had been meas-

ured in parallel cultures, using the PicoGreen assay [119]. Six independent 

experiments were performed for every surface and blank plate as control 

group. 

2.4 In vivo tests 

   Housing  and  handling  of  the  animals used  in  the in vivo study  was  

done  in accordance  with  the  approved  ethical  permission.   

2.4.1 TiUnite® implants in mini pigs 

      TiUnite® implants with an oxidized macroporous surface (Nobel Re-

place Tapered Groovy RP 4.3 × 13 mm, produced by Nobel Biocare AB, 

Gothenburg, Sweden) were used in the in vivo study using mini pig model. 

All mini pigs were at least 2 years old, thus having permanent teeth. The 

mini pigs were anaesthetized and the 2nd premolars on each side of the 

mandible were extracted. Careful drilling according to the protocol for 

placement of a Replace Tapered RP 4.3×13 mm implant was done in one of 

the extr;ction alveolar; drill with tip tapered Ø 2.0 mm, drill tapered NP Ø 

3.5 mm, dense bone drill RP Ø 4.3 mm, and finally screw tap RP Ø 4.3mm, 

all 13 mm in length [Nobel Biocare AB. Implants and abutments – Nobel 

Replace
TM 

 tapered; 2009]. The drill diameter corresponds to the uppermost 

part of the tapered drills, the exact dimensions for drill hole vs. implant is not 

publicly available.  However, the final tapered drill hole is smaller than the 

implant, thus when the implant is screwed down the threads get in direct 

contact with the present bone while the valleys do not. Implants were placed 

in the fresh extraction sockets after removing the roots, a cover screw was 

inserted on top of the implant and sutures were used to close the open wound. 

After 4 weeks of healing the animals were sacrificed, the part of the jaw 

containing the implants and adjacent teeth were cut out and placed in 4% 

paraformaldehyde for a minimum of 1 week before further evaluation.  
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2.4.2 TiXos® implants in beagle dogs 

   Two beagle dogs of approximately 1 year of age, weighing 10 and 13 kg, 

were used in the experiment. The dogs were in good general health, with no 

systemic involvement. All surgical procedures for in vivo test were per-

formed under aseptic conditions by the same surgical team. During the sur-

geries, the dogs were pre-medicated with acepromazine (0.05mg/kg intra-

muscularly) before administrating propofol (2 mg/kg intravenously). The 

oral mucosa and dentition were cleaned with chlorhexidine digluconate for 

30 seconds. Local anesthesia was administered (2% lidocaine and 1:100,000 

epinephrine) at the surgical sites to reduce bleeding. Three premolars (P2, P3 

and P4) and the first molar of the mandible were carefully removed of each 

dog. The teeth were sectioned in a buccal-lingual direction at the bifurcation 

using a high speed fissure bur so that the roots could be individually extract-

ed using elevators and forceps, without damaging the bony walls. Wounds 

were closed with resorbable sutures (vicryl 4/0 sutures). The animals re-

ceived amoxicillin (500mg, twice daily) orally during the first week after 

extraction and were kept on a soft diet throughout the experiment. 

   Three months after extraction, a mid crestal incision was made on the 

healed alveolar ridge to expose the bone and a full-thickness mucoperiosteal 

flap was reflected. A total of 12 SLM implants (TiXos® Cylindrical, 3.3×10 

mm, internal hex Leader-Novaxa, Milan, Italy) were inserted in dogs. The 

implants are commercial available products with a rough and porous surface 

produced by selective laser melting approach [121].  

   During the first week after implantation, the dogs received amoxicillin 

(500mg, twice daily) and ibuprofen (600mg, three times a day) orally. The 

dogs were fed a soft diet in order not to overload the implants. Healing was 

evaluated weekly and plaque control was maintained by flushing the oral 

cavity with chlorhexidine digluconate.  

   After two and four weeks of healing, the dogs were euthanized with an 

overdose of sodium pentobarbital. The jaws were dissected and blocks con-

taining the experimental specimens were obtained. Subsequently, the har-

vested tissue blocks were fixed in 10% formalin for 7 days. 

2.4.3 Sand-balsted implants in sheep 

   Implants with sand-blasted surface (Brånemark system Mk III RP 4.0×8.5 

mm, REF 28891, produced by Nobel Biocare AB, Gothenburg, Sweden) 

were used in the in vivo study using a sheep model. The implants were 

placed in the pelvis. After 2, 4 and 8 weeks of healing, the animals were 

sacrificed, the part of the pelvis containing the implants and bone were cut 
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out and place in 4% paraformaldehyde for a minimum of one week before 

further evaluation. 

2.4.4 Hierarchical macro- and mesoporous implants in dogs 

   Implants with hierarchical macro- and mesoporous surface were used in 

the in vivo study using beagle dog model. After general anesthesia by pento-

barbital natrium (30g/L) and maintenance with isoflurane intravenously, 

bilateral mandibular canines and premolars were extracted. Low-speed rota-

ry drill and hand instruments surgically were used to create saddle-type de-

fects in the alveolar process. The implants were implanted into each defect. 

After 4 weeks of healing, the dogs were sacrificed, the bone containing the 

implants were cut out and place in formalin for 7 days for a minimum of one 

week before further evaluation. 

2.5 Exposing the interfaces by argon ion beam polishing 

   Argon ion beam polishing was adopted to gently polish the section for 

evaluating the thickness, the interfacial bonding structure of surface titania 

layer, and bone-implant interfaces. Each specimen, containing one implant, 

was infiltrated with methacrylate, polymerized (resin) and cut longitudinally 

in the mesio-distal direction through the middle of the implants using a dia-

mond saw. 

   For each half of the specimen, prismatic blocks with approximate dimen-

sions 1×5×5 mm
3
 containing a region near the middle of the implant was cut 

using a low-speed saw and diamond wafering blades. For TiXos® implants 

in beagle dogs the region close to the tip of the implant were also cut for 

observation. These blocks were mechanically polished with a 400 grit silicon 

carbide paper and then fixed on the sample holder of the cross-section pol-

ishing apparatus using carbon paint (Conductive Carbon Cement, Plano, 

Wetzlar, Germany). Argon ion beam cross section polishing was performed 

using SM-09010 Cross-section Polisher (JEOL, Tokyo, Japan) at accelerat-

ing voltages in the range of 4 - 4.5 kV with beam currents between 70 and 90 

µA for 20 - 24 h. A precut sample block with mechanically polished surfaces 

was covered with a shield plate, which stopped half of the argon ion beam. 

Only an approximately 75 µm wide part of the sample protruded from the 

cover. This part was slowly milled by the argon ion beam, leaving behind a 

well-polished surface at the position of the edge of the shielding plate. 

 



19 

 

2.6 Histological observations and evaluation of 

topography and morphology of the surface 

   For each half of the implants in beagle dog, a 200 µm thick section of the 

implant and surrounding tissues was cut with a diamond saw and mechani-

cally polished using 1200 and 4000 grit silicon carbide papers until a sample 

thickness of 70 µm was obtained. These sections were stained with toluidine 

blue and were examined using the Olympus® BX51 microscope (Olympus, 

Tokyo, Japan). Digital images were obtained using the Olympus® DP2BSW 

digital camera (Olympus) connected to the microscope. 

   The topography, morphology of all kinds of surfaces and the interfacial 

bonding structure of the titania surfaces with hierarchical macro- and meso-

porosities  were characterized by using SEM, JSM-7000F and JSM-7401F 

(JEOL, Tokyo, Japan), and a transmission electron microscopy (TEM), 

JEM-3010 (JEOL, Tokyo, Japan). 

   Argon ion  beam  polished  surfaces  were  studied  using  a JSM-7000F 

(JEOL, Tokyo, Japan) field  emission  SEM  equipped with  an  energy  dis-

persive  X-ray  (EDX)  spectrometer  (Oxford Instruments,  Abingdon,  UK).  

Accelerating  voltages  in  the  range of  5-10  kV  were  used  for  secondary  

electron  (SE)  and  backscattered  electron  (BSE)  imaging.  EDX spectra 

were recorded at 10 kV. 

X-ray diffraction (Powder diffractometer Panalytical X'Pert alpha1) pat-

terns were carried out on disks before and after SBF test to evaluate the crys-

talline apatite formation.  
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3. Results and discussion 

 

3.1 Characterization of the surfaces 

 

 
Fig. 6. SEM images of different surfaces. (a) As-machined smooth sur-

face of titanium, (b,c) a mesoporous titania layer formed on as-

machined titanium, (d) a macroporous titania  layer formed on as-

machined titanium by spark anodization, (e, f ) a porous titania surface 

with hierarchical macro- and mesoporosities formed by a mesoporous 

top layer (by dipcoating) upon the spark anodization macroporus titania 

surface, (g) a macroporous titania layer formed on as-machined titani-

um by microarc oxidation, (h,i) a porous titania surface with hierar-

chical macro- and mesoporosities formed by a mesoporous top layer 

upon the microarc oxidation macroporous titania surface. 

 

 

      The as-machined smooth surface has turning tracks, as shown in Fig. 6a. 

After the dip-coating procedure the machined tracks were partially filled and 

the formed mesoporous titania surface top layer followed the contour of the 
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machined tracks, see Fig.6b.  This top titania layer reveals a random meso-

porous structure with a pore diameter of about 10 nm which can be clearly 

visible on a high magnification SEM image, see Fig.6c. It is extremely chal-

lenging to coat this thin mesoporous top layer on a rough surface compared 

to coat a smooth surface. This is because the macroporous titania surface 

contain many open pores with diameter in the range of 300 nm-7 µm, alt-

hough there is no other obvious cracks or irregularities from SEM images, 

see Fig. 6d and g.  In order to achieve the targeted titania surface with hier-

archical macro- and mesoporosities, the original surface macroporous mor-

phology with open porosity must be retained during the application of the 

mesoporous top layer. This target can be achieved by a series optimization 

experiments; including lower viscosity of the ethanol solution and applying 

very low withdrawal speeds during the dip-coating process. The found opti-

mized condition is a solution formed by dissolving 0.5 g P123 in 40 ml etha-

nol and a withdrawal speed of 0.05 mm/s. The mesoporous titania top layer 

is thin enough to follow the contours of the macropores, yielding the for-

mation of a coherent titania surface layer combining macro- and mesoporosi-

ty.  The results showed no changes of the surface appearance when observed 

by low-magnification SEM images after the dip-coating using these parame-

ters (Fig. 6e, h). It is evident that the macropores clearly dominate the image 

and the thin top layer follows the landscape created by the macroporous sur-

face. Under high magnifications, it can be observed that the thin mesoporous 

top layer closely follows the contour of the macropores (Fig. 6i). The meso-

pores can be observed in Fig. 6f.  As a consequence, the macroporous mor-

phology is well kept, while a mesoporous top layer is successfully added.  
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Fig. 7. SEM images of the cross-section view of porous titania surface 

layers upon titanium with hierarchical macro- and mesoporous surface. 

 

   The SEM images shown in Fig. 7 reveal a cross-section through both tita-

nia surface layers. The macroporous layer appears considerable thicker than 

the thin mesoporous top layer, estimated to be only 100-200 nm. A coherent 

adherence between these two porous titania layers is established.  The latter 

covers the surface of the former and follows even the contour of the open 

pores of macroscale. However, the closed pores less than 1 micron within 

the macroporous layer (close to the titanium matrix) are unable to be reached 

and are not filled by any mesoporous layer. Such a mesoporous top layer is 

expected to bring new functions without blocking the already-proven an-

choring advantage of a macroporous surface with newly formed bone. 
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3.2 The thin mesoporous titania top layer 

3.2.1 The phase constitutions and crystallinity 

 
Fig. 8. TEM images with increased magnifications from a to c, and the 

electron diffraction pattern (d) of the mesoporors top layer peeled off 

from the titanium matrix. 

 

      A crystalline titania phase is necessary on the implant surface because of 

a well-documented bioactivities [63].  The TEM images of mesoporous tita-

nia top layer peeled off from the substrate surface are seen in Fig. 8. The 

average pore size estimated from the TEM analysis is about 10 nm and the 

top layer has a random porous structure which is in agreement with SEM 

observations. The selected area electron diffraction pattern confirmed that 

this mesoporous titania top layer is crystalline anatase, see Fig.8d. 

3.2.2 The interfacial bonding of the thin mesoporous top layer 
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Fig. 9. SEM images of a scratching track (a) and the cracked surface 

layer in the region slightly away from the scratching track (b), as well as 

an enlarged image of the area marked by the white rectangle frame in b 

(c).The scratching load increases from the left (5N) towards right hand 
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direction (20N) in the a and b images. These are taken on the surface of 

a porous titania surface with hierarchical macro- and mesoporosities. 
 

 
Fig.10. A schematic drawing illustrating the weaker bonding and crack 

initiation points after the scratch test. 

 

 

      In order to evaluate the adhesion strength of this thin mesoporous titania 

coating, a destructive scratch test method was used. The SEM images in Fig. 

9 summarize the results of peel-off or failure of the thin mesoporous top 

layer. In Fig. 9a the scratching load is gradually increased from 5N to 20N 

when the scratch is moved from the left to right hand side, resulting in a total 

peel-off of the oxide layer at the right hand side of the image. From the rec-

orded penetration depth, friction coefficient and acoustic emission data it can 

be estimated that the delamination of the oxide layer occurs at a load of 13N. 

The inserted image at the low left hand side reveals the smoothing/polishing 

of the surface layer under a lower scratching load, whereas the inserted im-

age at the up right hand side indicates the cracking of the surface layer in a 

region slightly away from the scratching track under high scratching load. 

The white area in right hand side is the titanium matrix seen under the 

macroporous titania layer. In Fig. 9b a high magnification SEM image of the 

cracked surface layer from the samples after scratch test is shown. It reveals 

that although the surface layer is on its way to be peeled off, the mesoporous 

top layer stays coherent with the macroporous layer. Fig. 9c with higher 

magnification is the enlarged area marked with white rectangle frame in 

Fig.9b. It reveals the undamaged mesoporous structure of the top layer. This 

observation confirms a strong bonding between the two titania layers, which 

is even stronger than the bonding between the macroporous titania layer and 
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the titanium matrix. However, the later has been proven to be strong enough 

to sustain the harsh shear stress on the implant surface during the implanta-

tion operation [107]. A mechanically stable titania surface layer is needed 

for the implant application, because the detachment of the surface layer 

would release debris that may harm cell viability and proliferation [64]. The 

scratch test results demonstrated that the risk of such detachment of mesopo-

rous top layer is low under the established operation condition for handling 

the titanium implants. Even when crack initiation was observed, under high 

load, the crack initiation points were allways found between the 

macroporous titania layer and the titanium matrix (Fig. 10). So far, the im-

plants with a macroporous titania surface have been proved to be sufficiently 

developed for clinical use. The failure rate of the family of implants with 

macroporous titania surface is only 3 %, which is much lower than a failure 

rate of 17.3%, reported for implants with a pure turning surface [122, 123]. 

The added mesoporous titania top layer will not influence the mechanical 

stability of the underlying macroporous titania layer.   

3.2.3 Wettability 

   When implants are exposed to a biological environment, protein adsorption 

occurs immediately. Many studies have demonstrated that the hydrophilic 

surface allows an interchange of adsorbed albumin by extra-cellular matrix 

proteins, but on hydrophobic surface adsorb albumin is not replaced by ex-

tra-cellular matrix proteins, which block cell adhesion [65, 66]. The results 

of water contact angle measurements indicated that the formation of a meso-

porous top layer can increase the wettability of the surface by reducing the 

average contact angle form 61.2º to 39.9º.  The better hydrophilic surface 

can improve the clinical success rates of implants [124].  
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Fig. 10. Signal responses of different sensors in Q-Sense E1. (a) signal 

responses of titanium sensor; (b) signal responses of mesoporous titania 

coating sensor; (c)water adsorption result of a titanium sensor; (d) wa-

ter adsorption results of mesoporous titania coating sensor. 
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  The signal responses of Q-Sense E1 equipment by using titanium sensor 

and mesoporous titania coating sensor are shown in Fig. 10.  The specific 

resonances from 1
st
 to 13

th
 were all found, which means the sensor works 

well after adding a mesoporous titania coating. Fig. 10c and d show the wa-

ter adsorption of the titanium sensor and the mesoporous titania coating sen-

sor in the humidity chamber. Water adsorption on titanium sensor happened 

immediately and reached stable state, but on mesoporous titania coated sen-

sor the adsorption became slow and reached stable state only after 7 h. The 

mass of adsorption on both sensors are same, which can be calculated by 

using Sauerbrey equation: Δm = -C*Δf [125]. Where Δm is the mass added 

and Δf is the frequency change. Thus, the mass added is proportional to fre-

quency decrease. Because of the presence of the mesoporous titania coating, 

the water molecules diffused to the mesoporous sensor surface takes longer 

time than on the smooth surface. This sample test demonstrated that it was 

feasible to use QCM to study the properties of mesoporous coating materials 

by using the mesoporous QCM sensor. 

3.3 In vitro study 

3.3.1 SBF study 
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Fig. 11. SEM images of (a) the macroporous surface and (b) the hierar-

chical macro- and mesoporous surface after soaking in SBF for 7 days. 

(c) XRD results of macroporous surface and hierarchical macro- and 

mesoporous surface before and after soaking in SBF for 7 days. Green 

arrows indicate the diffraction peaks of hydroxyapatite.  

 

 

   A material that is able to form hydroxyapatite-like layer on its surface, 

when it comes into contact with SBF, is demonstrating its ability to be a 

bioactive material [126]. Thus, the ability of hydroxyapatite formation on its 

surface is a measure of the bioactivity of the materials. The hydroxyapatite 

formation on macroporous surface and hierarchical macro-and mesoporous 

surface were evaluated by SEM and XRD after soaking in SBF for 7 days, 

see Fig. 11. The interesting observation was that nearly no apatite formation 

occurred on the macroporous surface by SEM images, although the XRD 

indicated a small peak at the position of hydroxyapatite. On the other hand, 

the surface with hierarchical macro- and mesoporosities both SEM and XRD 

results showed a rich hydroxyapatite formation on this surface. XRD studies 

show further that the macroporous surface disk is covered by crystalline 

anatase phase, with an isoelectric points of about pH 6.3 [62]. The same 

result occurs with the mesoporous titania top layer. Besides the existing mi-



31 

 

crometer range open pores, the hierarchical macro- and mesoporous struc-

ture surface has extra mesoporous anatase coating because of a large surface 

area. Thus, richer number of formed Ti-OH groups. This is in line with the in 

vitro studies in SBF that demonstrated clearly that the hierarchical macro- 

and mesoporous surface had higher efficiency for promotion of hydroxyap-

atite formation (than original macroporous surface). 

3.3.2 Cell attachment 

 
Fig. 12. SEM images with increased magnification from top to bottom, 

showing the cell attachment on different surfaces: smooth as machined 

surface (left), macroporous surface (middle), and the surface with hier-

archical macro- and mesoporosities (right). 

 

   Cell attachment and subsequent cellular responses on the biomaterials are 

the critical and prerequisite parameters for osseointegration and osseocon-

duction [127]. The morphologies of SaOS-2 on smooth, macroporous and 

hierarchical macro- and mesoporous surfaces after 3 days culture examined 

by SEM are shown in Fig. 12. An obvious difference is the cell morpholo-

gies on different surfaces. The cells showed an oval shape on the smooth 

surface and macroporous surface, but on the hierarchical macro- and meso-

porous surface most cells showed a spindle-like morphology. Many reports  
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have suggested an optimal pore size for bone in growth is in the range of 50 

to around 400 µm [128, 129], but more and more new results indicated that 

bone can form inside smaller pores with diameter even less than 1 µm [107]. 

Because for bone formation, it is not necessary that the cell enter into the 

pores; the cells can stay at the surface and deposit the bone matrix into the 

pores of the implant surface. Generally, the microrough surface of implant 

materials contribute to the mechanical interlocking ability of the surface and 

the nanorough surface has an impact on the cell behaviour [68]. This is in 

agreement with our results shown in Fig.12. From high magnification SEM 

images on all three surfaces plenty of fine filopodias could be clearly ob-

served. On smooth surface, however, the cells appear to be unable to attach 

well onto the surface, because the filopodias just overlap upon the surface. 

The macroporous surface is better, because the filopodias could hook onto 

the irregular surface forming a mechanical interlocking ability. In contrast, 

the filopodias on the hierarchical macro- and mesoporous surface are clearly 

integrating into the mesopores found at the mesoporous top layer. The latter 

surface was hydrophilic and of a higher surface area, both are likely to en-

hance cell adhesion and spreading capabilities. Superior cell adhesion and 

more elongated cell morphology were observed for cells cultures on hierar-

chical macro- and mesoporous surface, which indicated good cell viability. 

Furthermore, the final integration of filopodias into the mesoporous surface 

imply a good and positive interaction between cells and the materials surfac-

es, as well as the communication of cells [130]. 

 

      3.3.3 Cell proliferation and biomineralization 

 



33 

 

Fig. 13. Growth of SaOS-2 cells on disks of different surfaces. Data rep-

resent mean ± SD of six independent experiments (* P < 0.05). 

 

   The cells have been measured by the colorimetric method after three days 

of culture. The results reveal the cell proliferation upon disks with different 

surface, as shown in Fig. 13. SaOS-2 cells on smooth and macroporous sur-

face were decreased, while on mesoporous surface and hierarchical macro- 

and mesoporous surface were increased compared with the control group. A 

significant increase of proliferation was only observed on the hierarchical 

macro- and mesoporous surface.     

 
Fig. 14. Potency of SaOS-2 cells to undergo biomineralization in the 

presence of McCoy’s medium/serum (containing ascorbic acid, dexame-

thasone, and β-glycerophosphate) on control bottom surfaces and disks 

of different surfaces. Data represent mean ± SD of six independent ex-

periments 

 

   Quantitative determinations revealed different biomineralization of SaOS-

2 cells grown upon the different kinds of disk surfaces. As shown in Fig. 14, 

at the beginning (after seeding) no obvious differences could be observed, 

compared to the controls. After 3 days of incubation, the mineralization 

(given in nmol alizarin red/μg total DNA) on the culture disk with hierar-

chical macro- and mesoporous surface was considerably increased in con-

trast to the mineralization on the other disks with either  smooth surface, 

amacroporous surface, mesoporous surface as well as the control group. The 

mineralization on the disk with smooth surface showed no significant in-

crease during the total incubation period, as compared to all the others. The 

macroporous surface did not improve the biomineralization compared with 

the control group. However, a significant mineralization was detected on the 

disk with mesoporous surface after an incubation period of 6 days. In con-

trast to the in vitro proliferation and mineralization results, SaOS-2 cells 

responded synergistically to the hierarchical macro- and mesoporous surface 



34 

 

compared to smooth surfaces. Lower proliferation and mineralization were 

found on the macroporous surface, with higher levels found on the mesopo-

rous surface. Nevertheless, synergistically higher proliferation and minerali-

zation was observed on the surfaces with combined hierarchical macro- and 

mesoporosities. It should be noted that either the macroporous surface or the 

mesoporous surface was absent on the disks surface, the extent of prolifera-

tion and mineralization of SaOS-2 cells were less compared with the surface 

of hierarchical structures containing both. Since the nanotopography in hier-

archical macro- and mesoporous surface is similar for mesoporous surface, it 

is reasonable to suggest that the mesoporous structure, rather than the 

macroporous structure, is the main contributing factor to the enhanced adhe-

sion, proliferation and mineralization of the SaOS-2 cell. It should, however,  

be mentioned that in another study it was found that osteoblast differentia-

tion is not dependent on the nanotopography surface alone [70]. Due to the 

presence of macroporous structure, the cells can “drop anchor” on the sur-

face by using filopodias, then mesoporous layer promote the filopodias inte-

grating into the mesopores which mean closer attachment. The underlining 

design concept is that in the early stage of the healing of implantation, the 

main role of mesoporous layer is to combine with macroporous layer to form 

synergistic effect on one surface for enhancing the cell proliferation and 

mineralization. In the later stage, the macropores will enhance the osseinte-

gration as already proven in the literature [5-8, 34, 70, 131]. The hierarchical 

macro- and mesoporous surface inherited the extra mechanical interlocking 

ability, so the positive impacts of functional activities were measured for the 

SaOS-2 cells only occurred and reached the optimum on the hierarchical 

macro- and mesoporous surface. This surface appeared more dynamic for 

stimulating cell responses; such beneficial property can also be deduced 

from the synergistic effect on cell responses of two kinds of porous struc-

tures coexisting on the same surface. 

3.4 Microstructure of the implants surfaces from market 

  Three kinds of implants having different microrough surfaces, manufac-

tured by spark anodization, SLM technique and sand-blasted, respectively, 

are shown in Fig. 15a-c. The TiUnite® implant with a macroporous sur-

face has many open pores with diameter in the range of 1-7 µm. No obvious 

cracks or other irregularities were observed under SEM, see Fig. 15a. The 

TiXos® implant surface is shown to be rich in micron-sized concavities that 

extend beneath the surface and interconnect through packing voids, see 

Fig.15b. The sand-blasted implant surface is rough with 1-20 µm ditches, as 

the SEM image shown in Fig. 15c reveals. These microrough surfaces have a 

higher develop area than a smooth turned surface, which increases bone an-

chorage and reinforces the biomechanical interlocking of bone with implant. 
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These three typical types of implants from the market are investigated in this 

thesis and it has already been an indisputable fact these three implants can 

promote osseointegration at different levels [7, 8, 132-134]. 

 
Fig.15. SEM images of different implant surfaces. (a) TiUnite® implant 

surface. (b) TiXos® implant surface. (c) sand-blasted implant surface 
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3.5 Interfacial microstructure after argon ion beam 

polishing 

 
Fig. 16. Sample preparation sequence: (a ) Half of the specimen fixed in 

resin; (b) Prismatic blocks containing implant and bone; (c) Polishing 

area and (d) SEM image of polishing area (marked by white frame). 

 

   As described in the introduction part, argon ion beam is a particularly use-

ful sample preparation method for studying interfaces with high resolution. 

Fig.16 summarizes the sample preparation sequence. Half of the implant was 

showed in Fig. 16a before cutting. After cutting prismatic blocks containing 

a region near the middle of the implant was selected for argon ion beam pol-
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ishing, see Fig.16b. Usually the argon ion beam polished section includes 

one or two flanks of the thread and the region between the flanks. The area 

after argon ion beam polishing is shown in Fig.16c. On mechanically pol-

ished surface it was difficult to distinguish the different microstructures fea-

tures across bone-implant interface by SEM. After argon ion beam polishing, 

the microstructure of the implant, bone and the interface between them can 

be clearly revealed by SEM in a back scattered electron mode, see Fig. 16d. 

A direct electron micrography observation can provide more information 

about bone-implant interface. For example, using fluorochrome labelling, D. 

A. Puleo could indicated that bone grew in two directions and that bone ex-

tending away from the implant formed at a rate about 30% faster than that of 

the bone moving  towards the implant [135]. P. Thomsen et.al observed two 

types of bone, calcified bone tissue and dense amorphous bone, near the  

implant surface [136]. Shah et al. established a multi-scale characterization 

approach including light optical microscopy, micro-CT, SEM and TEM to 

characterize a functionally graded bone-implant interface at the ultrastruc-

tural level [137]. Because of the complexities of the in vivo environment and 

technical limitations in specimen preparation, the bone-implant interface 

including bone formation progress, bone types and bone structure changes, 

are not yet fully understood and clearly characterized.  

   By using the argon ion beam polishing technique for sample preparation 

before SEM investigation, however,  it appears feasible to reveal much more 

detailed information showing the formation of two types of bones; i.e. the 

one that grows towards the implant and the one deposited on the implant 

surface.      
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3.6 In vivo study 

3.6.1 Implants in mini-pigs 

 
Fig. 17. SEM images take on ion beam polished cross section revealing 

the bone-implant interface with the TiUnite® implant in mini pigs:  (a) 

Bone deposited on implant surface and elemental maps showing the 

distribution of titanium (blue), oxygen (white), calcium (green) and 

phosphorus (red); (b) New bone with apparent lower density growing 

towards the implant; (c)The cement line (indicated by white arrows) 

separates old and new bone; (d) The pull-out of fibrous bone tissue from 

the surface pores inside the gap between the implant and the bone. 
 

 

   The TiUnite® implants surface has an oxide layer with many open pores 

with different size in the range of 1-7 µm, which provided many anchorage 

points for osteogenic cells at the early time of bone formation and new fi-

brous bone cells also grew into these pores. This is the main functional 

mechanism of TiUnite® implants. Because of the argon ion beam polishing, 

the functional mechanism of TiUnite® implants became visible under high 

magnification SEM images. The oxide layer on the TiUnite® implant sur-

face, resin and bone can be clearly distinguished in SEM images shown in 

Fig.17. The thickness of the oxide layer is in the range of 4-8 µm. There is a 
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gap between the implant and the bone, which an artefact formed during the 

sample preparation. Its formation may be influenced by fixation, dehydration, 

and resin embedding [138]. The insert images in Fig. 17a show the elemental 

maps revealing the distribution of titanium (blue), oxygen (white), calcium 

(green) and phosphorus (red) obtained by the EDX analysis. A dense layer of 

bone is formed on the implant surface and the bone is even following the 

contours of the open pores. This dense layer of bone was the results of bone 

growing by contact osteogenesis. The density of bone was found to be dif-

ferent in different regions near the implants, see Fig. 17b. The bone density 

around the immediate vicinity of the implant thread and old bone appears to 

be denser than that of the newly formed one, which was the bone grew by 

distant osteogenesis. Between the old bone and the new bone a cement line 

matrix can be distinguished and the osteocyte lacunae (filled with resin dur-

ing sample preparation) can be seen in the new bone area, see Fig. 17c. A 

gap between the implant and the bone, where the fibrous bone has been 

pulled out because of the shrinkage during sample preparation, is demon-

strated in Fig.17d. In summary, the macroporous surface of the TiUnite® 

implant provided many anchorage points for osteogenic cells at the early 

time of bone formation and new fibrous bone grew into the pores on the 

TiUnite® implant surface.These fibrous bones roots deeply into pores and 

tightly grip the implant to the bone. 
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3.6.2 Implants in beagle dogs 

 
Fig. 18. Bone formation seen after two weeks of healing time. New bone 

has formed to establish a good bone to implant contact on the porous 

surface of a SLM implant. Woven bone can be observed clearly. 

 

 



41 

 

Fig.19. The proceeding bone formation achieved after four weeks of 

healing time. Bones formed by contact and distance osteogenesis are 

connected together to support the implant. Two kinds of woven bone are 

present: parallel-fibered bone (A) and lamellar bone (B). The image (C) 

shows a non-inflamed connective tissue gap between the implant and 

bone surface, see text. 

 

   As early as two weeks after implant insertion, clear signs of bone for-

mation were observed between the implant surface and the surrounding bone 

tissue. Large volumes of newly formed woven bone containing osteocytes 

and trabeculae were presented in the tissues surrounding the implant surface. 

In some areas, newly formed mineralized tissue was continuous with the old 

bone (distance osteogenesis), whereas it was also found on the implant sur-

face in areas remote of the old bone (contact osteogenesis). Note that the 

highly porous surface of the SLM implants seemed to have induced a direct 

contact with the newly formed woven bone, see Fig. 18.  

   After four weeks following implant installation, wound healing continued 

to be characterized by the marked formation of new bone which extended 

from the cut bone surface into the wound chamber and also projected along 

the surface of the implant, see Fig.19. In most areas, where new bones are 

formed by contact and distance osteogenesis, a connection have already oc-

curred to support the implant. The newly formed woven bone is often com-

bined with both parallel-fibered bone (Fig. 19a) and lamellar bone (Fig. 19b). 

Marked signs of remodeling could be seen in the bone tissue. For one sub-

merged implant, a gap existed between the implant and the bone surface, 

which was filled with non-inflamed connective tissue, see Fig.19c. 

 

Table 1 Summary of the time and position dependent osseointegration 

revealed by CP/SEM observation. 

Sample 

group 

Healing time 

(week) 

Position 

 

Osseointegration 

1 2 Third thread Not established 

2 2 Tip Partly established 

3 4 Third thread Partly established 

4 4 Tip Established 

 

   Table 1 summarizes the osseointegration established peri-implants on mi-

croscopic scale examined by SEM on ion beam polished cross sections of 

the implants. New bone was observed either to grow towards the implant 

from the parent bone or to deposit on the implants surface in all samples. It 

appears that the osseointegration was initiated at the tip of the implant, 

which was further found to be time and position dependent. 
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Fig. 20. SEM images take on ion beam polished cross section revealing 

the bone-implant interface with SLM surface in beagle dog: (a) The gap 

between implant and bone (2 weeks); (b) The fibrous tissues attached on 

the implant surface (2 weeks). (c) The cement line between new bone 

and old bone (indicated by white arrows, 2 weeks). (d) Close contact 

established between bone and implant (4weeks). (e) Two types of bones 

observed inside the surface pores (2 weeks). (f) Two types of bones in-

side the surface pores (4 weeks). 

 

   The bone-implant interface after implementation of the implants with SLM 

surface in beagle dogs are summarized Fig.20a-f.  As shown by the SEM 

images after two weeks the osseointegration is not established, but the new 

bone formed by two kinds of osteogenesis can be distinguished, see Fig. 20a, 
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b and c. A layer of deposited bone with fibrous structure can be observed on 

implant surface and bone also grows from the old existing bone towards the 

implant, see Fig. 20b. The cement line matrix between old bone and the new 

bone can be observed in Fig. 20c. After four weeks of healing the osseointe-

gration is established, see Fig. 20d. The improved mineralization has given 

the new bone an increased density. To reveal the granular structure, see the 

inserted image in Fig. 20d. In some open pores on the surface of the implants 

the bone with different structures can be observed, indicating that the im-

plant can harvest old bone scraps in its surface pores during the implantation 

procedure, compare Fig. 20e (two weeks) and 20f (four weeks). This obser-

vation of old bone scraps inside the surface pores of SLM implants surface 

indicates a direct functional mechanism of SLM implants. The SLM im-

plants can harvest bone scrapes during screwing. Fresh bone scraps are rich 

in growth factors that become a natural source for promoting contact osteo-

genesis. This function of harvesting bone scrapes was hard to be observed by 

typical histomorphometric analyses. 

   As summarized in Table 1, as early as two weeks after implant installation 

the observations indicate that the bone growth at the tip region of the im-

plants was faster than that at the third thread region of the implants. The 

establishment of osseointegration can be found as early as two weeks after 

healing at the tip of the implants, but in the third thread region of implants 

the osseointegration seems to need more time to establish. Here the pressure 

during healing may play a role. More tissue pressure was created at tip of the 

implants than in the third thread region when beagle dogs were chewing. 

 

3.6.3 Implants in sheep 

 
Fig 21. SEM images exposed on an ion beam polished cross section.  The 

bone-implant interface in sheep, where the implants have a sand-blasted 

surface: (a) Deposited bone after 2 weeks. (b) Bone in close contact with 

the implant surface after 4 weeks. (c) Denser bone formed after 8 weeks. 

 

  The bone-implant interfaces after implantation of sand-blasted implants  in 

sheep after two, four and eight weeks are shown Fig. 21a-c, repectively. The 

osseointegration is not established after two weeks, but a layer of deposited 

bone can be observed on implant surface, see Fig. 21a. After four weeks the 

osseointegration is established and the newly formed bone is in coherence 
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with the implant, see Fig. 21b. The bone became denser after healing for 

eight weeks, see Fig. 21c. The microrough sand-blasted surface enabled a 

bone deposition that became visible already after two weeks. In four weeks 

the deposited bone and in-grown bone have merged together and became 

coherent along the sand-blasted surface. After eight weeks healing the bone 

density has increased sufficiently so it appears difficult to distinguish the 

newly formed bone and old bone. The direct observation of bone formation 

indicates two osteogenesises start early and quickly. Even in the first two 

weeks the different bone structures can be identified and the osseointegration 

was well established within four weeks. 

3.6.4 Hierarchical macro- and mesoporous surface implants in 

dogs 

 

 
Fig. 22.  SEM images exposed on ion beam polished cross sections of the 

bone-implant interfaces with three kinds of surface structures in dogs. 

Thus, a smooth surface, a macroporous surface or a hierarchical macro- 

and mesoporous surface implant. (a) Deposited bone on smooth implant 

surface after 4 weeks healing. (b) Deposited bone on macroporous im-

plant surface after 4 weeks healing. (c) and (d) Deposited bone on hier-

archical macro- and mesoporous implant surface after 4 weeks healing. 
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   The bone-implant interfaces after implantation of implants with a smooth, 

macroporous and hierarchical macro- and mesoporous surface in dogs for 

four weeks healing is shown in Fig. 22. A layer of deposited bone can be 

observed on all three implant surfaces in Fig. 22 (black arrow).  The 

macroporous layer (white arrow) can be observed in the macroporous im-

plant surface and hierarchical macro- and mesoporous implant surface in Fig. 

22b and 22c, respectively. The deposited bone layer thickness on both the 

smooth and macroporous surface are about 1.5 to 2 µm, but on hierarchical 

macro- and mesoporous surface the thickness of bone is over 3 µm. Even the 

mesoporous coating can be found in the high magnification image, see Fig. 

22d and black arrow. As discussed and in the in vitro results shown above, 

the microroughness promotes bone to implant osseointegration via mechani-

cal interlocking and nanoroughness promote cell functions and specific pro-

tein interactions. The surface area and roughness were increased by the sur-

face owning hierarchical macro- and mesoporosities compared with smooth 

or sole macroporous surfaces, which can lead to superior physiochemical 

properties for better bone-implant integration [139]. Moreover, because bone 

is also a hierarchical structure composed of nano (noncollageneous organic 

proteins, fibrillar collagen, and hydroxyapatite crystals), micro (lamellae, 

osteons, and Haversian systems), and macro (cancellous and cortical bones) 

scale building blocks [140]. The hierarchical macro- and mesoporous surface 

can mimic the natural bone structure better than sole scale topography sur-

face, which favour the process of rapid accrual of bone. 

 

3.7 The significance of evaluation of bone-implant 
interface 

   The bone-implant interface can be characterized at the microscopic level 

by careful SEM investigations on well-polished surfaces by argon ion beam 

polishing. The clinical evaluations of implants or comparative trials with 

turned surface implants show the superiorities of these three kinds of im-

plants in clinic [132-134]. Furthermore, the functional mechanisms can be 

elucidated by SEM observations of implants surfaces during osseointegra-

tion. The macroporous surface, SLM surface and sand-blasted surface are 

three kinds of microscopically rough surfaces found on implants, but all 

these implant surfaces express their advantage.  It is difficulty to conclude 

which surface owns the best and suitable properties before understanding the 

basic functional mechanisms during the progress of osseointegration. The 

profound bone-implant interface observation by SEM on argon ion beam 

polishing revealed more details to expound the different surface functions. 

This comprises the promoting of fibrous bone rooting, harvesting bone 

scrapes and reinforcing bone and implant. Compared with smooth surface 
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implants and macroporous surface implants, the results of the bone-implant 

interfaces of hierarchical macro- and mesoporous surface revealed the best 

reinforce of osseointegration by promoting contact osteogenesis. These facts 

were only found by the present evaluation of bone-implant interfaces. 
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4. Conclusion 

In this thesis, a new implant surface was developed. A designed evalua-

tion approach of bone-implant interfaces was used to evaluate the osseointe-

gration of four implants surfaces, including the new hierarchical macro- and 

mesoporous surface implants.  

The new implant surface is a nano-crystalline titania (anatase) surface 

with hierarchical macro- and mesoporosities. This was prepared by dip-

coating a very thin mesoporous titania top layer upon the anodized 

macroporous titania surface using the EISA method. The mesoporous top 

titania layer was main composed of the crystalline anatase modification and 

was crack free with good coherence with the underlying anodized 

macroporous titania layer. The thickness of the mesoporous top layer was 

estimated to be 100-200 nm with an open pore diameter of ~10 nm. Benefit-

ing from the combination of both macro- and meso-scale porosity on its 

surface, the implant behaviours were altered with respect to wettability and 

cells responses. The results indicated that the wettability and SaOS-2 cells 

activities (such as adhesion, proliferation and mineralization) can be promot-

ed on the hierarchical macro- and mesoporous surface compared with the 

two surfaces with sole scale porosity.  

The preparation of the bone-implant interfaces is argon ion beam polish-

ing, which was a successful and promising approach. It enabled detailed 

SEM characterization of the microstructures of bone-implant interfaces and 

their osseointegration. The bone was visually found to form by two growth 

mechanisms, contact osteogensis and distant osteogensis. Newly formed 

bone from old bone and implant surface can be distinguished; even the in-

crease of bone density and the bone structure changes can be observed di-

rectly. Besides, the functional mechanisms of different implants surfaces 

during osseointegration were investigated. Observation with high resolution 

indicates that the bone can grow into the surface pores of the TiUnite® im-

plant and that the SLM implant surface can harvest fresh bone scraps into the 

surface pores and, finally, bone grow tightly along the sand-blasted implant 

surface. The bone layer that grew on hierarchical macro- and mesoporous 

surface was thicker than the bone layer on a macroporous surface. The for-

mer can reinforce osseointegration in vivo by promoting contact osteogenesis. 

In summary, all these details of osseointegration can be observed because of 

argon ion beam polishing and SEM. The new implant with hierarchical mac-

ro- and mesoporous surface had the best performance and can be a good 

candidate for the implant design in future applications.  
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