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Abstract 

 

Metals such as titanium and alloys are commonly used for manufacturing orthopedic and dental 

implants because their surface properties provide a biocompatible interface with peri-implant 

tissues. Strategies for modifying the nature of this interface frequently involve changes to the 

surface at the nanometer level, thereby affecting protein adsorption, cell–substrate interactions, 

and tissue development. Recent methods to control these biological interactions at the 

nanometer-scale on the surface of implants are reviewed. Future strategies to control peri-

implant tissue healing are also discussed. 

 

Keywords 

Nanostructured surface, Titanium implants, Protein adsorption, Cell adhesion, Cell 

differentiation, Osseointegration 
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Introduction 

As populations age in industrial countries, the market for orthopedic prostheses and dental 

implants is growing steadily at a rate of 15 % per year. Total hip and knee joint replacements are 

routinely performed worldwide with high clinical success rates. In response to millions of 

edentulous patients, artificial dental roots are implanted in the maxillary and mandible bone to 

restore dentition (Figure 1). Many studies have shown that there is a strong correlation between 

clinical success rates over long periods and the early events of osseointegration of implants. In 

order to promote the biological anchoring of metal implants to the skeleton, different surface 

treatments have been developed and tested. The aim of this research is to favor protein 

adsorption, cell adhesion and bone tissue apposition. These biological properties are related to 

the chemical composition, wettability and roughness of metal surfaces. Grid-blasting, acid 

etching, chemical grafting, ionic implantation and calcium phosphate coatings are the most 

commonly used surface treatments on metal implants. Despite being the subject of considerable 

interest, the precise role of the surface properties of implants in the biological response remains 

poorly understood. As all the interactions between proteins and focal adhesion points of cells 

occur at the nanometer scale, it may be possible to activate intracellular molecular signaling 

pathways and, thus, to control cell fate using nanostructured surface implants. 

Recent literature reports several methods for preparing surfaces structured at the nanometer scale 

and studying the behavior of cells on these surfaces. Most of these nanostructured surfaces have 

been obtained on polymers [1] but seldom on metals [2, 3]. On metal surfaces, enhanced cell 

metabolic activity has been observed, such as the up regulation of bone sialoprotein and 

osteopontin [1], as well as a threefold increase in osteoblastic cell adhesion as compared to the 

surfaces without nanostructure. Nevertheless, none of these studies have investigated 

reproducible networks of nanometer sized features using a systematic and high throughput 

methodology. For the purpose of studying proteins, cells and tissues interactions, surfaces should 

exhibit repetitive ordered features such as pores, holes or lanes in the nanometer range. However, 

standard physical and chemical treatments usually produce surfaces with random, highly variable 

topologies making the assessment of biological phenomena rather unpredictable. It is thus 

difficult to establish a precise correlation between biological activities and implant surfaces due 

to the absence of standardized surfaces with repetitive topography at the nanometer size level 

(e.g. pits with fixed diameters and depth, lanes with controlled profiles). Furthermore, implant 

surfaces are often developed using a ‘trial and error’ approach sacrificing many animals during 

in vivo testing. 
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Nanotechnology derived from the microelectronics industry may facilitate the development of 

nanoscale topographical manipulation, and the fabrication of highly controlled experimental 

substrates for biological assays. Processing methods such as lithography, ionic implantation, and 

radio frequency plasma treatments may produce surfaces with controlled properties at the 

nanometer scale. These advances in nanotechnology can help us understand biological 

interactions and develop new implant surfaces with predictable tissue integrative properties. 

Topographical modification at the nanoscale level may be a proficient way of guiding tissue 

integration on an implant surface. The “ideal surface” directing a specific cell lineage, and thus 

the formation of a specific tissue, remains a challenge in the implant industry. 

This paper reviews the most recent literature related to the different methods for obtaining 

nanostructured surfaces and current knowledge of interactions with proteins, and cells at the 

stage of adhesion, proliferation and differentiation. As the differentiation of cells conditions the 

formation of a specific tissue around implants, predictable tissue integrative surfaces are 

envisioned as future trends.                            

 

Preparation methods for nanopatterned titanium implant surfaces 

Several methods are generally used to prepare nanopatterned surfaces but most of these methods 

are difficult to apply to metal implants. Photolithography using direct contact masks has been 

widely used for patterning surfaces and studying interactions with cells [4]. However, the 

resolution of photolithography is usually limited to several hundred nanometers (≈ 600 nm). 

Chemical etching methods using strong acids such as HCl, H2SO4, HNO3 and HF may be used to 

refine the size of the textures after lithography. Nanoimprint lithography can be performed on 

spin-coated titanium films to obtain nanometer-scale features with a range of 100 to 200 nm [5]. 

Another approach for studying biological interactions is to use nanostructured substrates made 

by other methods and then deposit a metal layer using electron beam evaporation. Puckett et al. 

[6] showed that aligned nanophase metal features improved early osteoblast functions 

(morphology and adhesion). After electron beam evaporation, different chemical moieties such 

as –CH=CH2, -OH, -NH2, -COOH have also been used in order to produce surfaces with a 

variety of electric charge properties [7]. Radio frequency plasma or glow discharge plasma may 

also be used to chemically modify the surface of titanium (Ti) implants and then enhance the 

surface energy [2, 8]. Plasma treatment in different gas atmospheres has been used for cleaning, 

activation and sterilization of implants. It has been shown that plasma treatment at low 

atmospheric pressure can effectively increase the wettability of titanium surfaces [8]. By 

changing the gas atmosphere, different chemical groups may be grafted to the titanium surface 
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giving a variety of charge properties. This technique could improve the adhesion and 

differentiation of osteoblasts to titanium plates [8, 9]. Nevertheless, the method is limited by the 

non-specific treatment of the surfaces. It is indeed difficult to selectively attach chemical groups 

at precise locations to nanopattern the surfaces. As in photolithography, masking may be used, 

but again, it is limited to a resolution of approximately 1 µm [10]. 

The most promising methodology giving features of nanometer size dimensions on titanium 

implants is anodization. This consists of developing a titanium oxide layer using a platinum 

counter electrode in acidic solutions at a potential of 5-25 V. By changing experimental 

conditions (i.e. potential, temperature, electrolyte), several authors have produced an oxide layer 

a few microns in thickness and composed of a regular array of nanometer sized pores with 

diameters in the 30-100 nm range, growing perpendicular to the titanium surface [3]. The pore 

sizes are compatible with those of proteins such as fibronectin (FN) and vitronectin which play 

an important role in cell adhesion. Recent reports have shown that not only can cell adhesion be 

controlled by nanometer sized features, but also cell differentiation [2]. Furthermore, certain 

chemical elements from the electrolyte may be present in the porous oxide layer modifying 

surface properties [11-14]. Kim et al. [15] showed that water contact angle and elastic modulus 

were significantly reduced on the nanotubular surface compared with those prior to anodizing. 

The challenges for the coming years are to optimize the preparation of nanopatterned surfaces on 

titanium implants for biological assays. 

 

Analysis of implant surfaces 

As shown in Figure 2, surface properties such as roughness, chemical composition, wettability 

and charges have a profound influence on cell behavior [16]. 

Atomic Force Microscopy (AFM) [17] and profilometry [18] are widely used to measure surface 

roughness at the micro- and nanolevel. Le Guehennec et al. [19] characterized polished and 

nanostructured metal surfaces by using AFM and measured roughness of 1.4 and 6.2 nm, 

respectively. Topography is known to modify cell adhesion and, indirectly, cell phenotype. It is 

generally accepted that the adhesion and proliferation of fibroblastic or epithelial cells is 

promoted on smooth surfaces [20] while osteoblastic cells adhere and proliferate better on rough 

surfaces than on smooth ones. Moreover, osteogenic differentiation is more rapid on grit blasted, 

acid etched, rough titanium [21].  

Energy dispersive X-ray spectrometry (EDX) and X-ray photoelectron spectroscopy (XPS) are 

commonly used to investigate the chemical composition of surfaces. For instance, Lee et al. [22] 

examined the cell attachment and proliferation of osteoblastic cells on a Ti6Al4V alloy after 
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different surface treatments. They found elemental modifications in the titanium oxide layer by 

EDX and XPS with the presence of amphoteric OH groups. The wettability of surfaces seems to 

play a major role in the interactions of implants with biological fluids [23]. Surfaces with a low 

water contact angle or high surface energy, have been shown to enhance protein adsorption, cell 

adhesion, proliferation and osteoblastic differentiation [24, 25]. Zeta potential, measuring 

electric charges on surfaces, is also of a great importance in proteins and cell interactions. For 

instance, positively charged surfaces will interact specifically with negatively charged proteins at 

physiological pH and vice versa [26].  

 

Protein adsorption on implant surfaces  

Immediately after implantation, implants are in contact with a diversity of biomolecules present 

in blood that will interact differently depending on their surface properties. The nature, 

conformation and orientation of the proteins on the surface of implants will have a direct 

consequence on the recruitment, attachment, proliferation and differentiation of cells through 

integrin binding sites. As these cells will then ensure the development of a tissue in the peri-

implant area, surface properties that can control protein adsorption are of key importance in the 

cascade of biological responses. Healing of tissues around implants is a complex phenomenon in 

which various populations of cells, cytokines, growth factors and extracellular matrix are 

involved. For instance, cell recruitment is determined by the presence of appropriate chemotactic 

factors that attract the circulating mesenchymal stem cells (MSCs) involved in tissue healing. 

These specific binding proteins should be present at the surface of implants for cell adhesion 

while appropriate growth factors and cytokines may be secreted for the proliferation and 

differentiation of cells. Thus, the material itself may induce a multiplicity of responses from the 

cells, which may achieve the desired tissue healing [27]. It has been shown that the adsorption of 

proteins is related to surface properties [28]. The wettability and Zeta potential of surfaces are 

major surface properties for interactions with proteins. These properties influence the nature, 

quantity, density and orientation of proteins by modifying attractive and repulsive changes, led 

by chemistry and topography [29, 30]. Titanium is a hydrophobic surface [26] with a contact 

angle of around 80°, a negative charge and a Zeta potential at -9 mV at physiological pH of 7.5. 

Most proteins present in blood are negatively charged at physiological pH. 

Cellular interactions with implants are primarily led by proteins, through a complex series of 

adsorption and displacement steps known as the Vroman effect [31]. It has been shown that 

differences in surface wettability or hydrophilicity (low contact angle) result in modifications in 

protein absorption on implants [32]. Cai et al. [26] showed that Ti functionalized with -NH2 
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groups had a contact angle similar to Ti (70° instead of 80°) but improved protein adsorption. In 

this example, the Zeta potential was 0 mV for Ti-NH2 as compared to -8mV for Ti. On the other 

hand, Ti functionalized with -COOH has similar Zeta potential and protein adsorption but the 

contact angle was different (80° for Ti and 50° for Ti-COOH). In this study, they showed that 

protein adsorption depends more on Zeta potential than contact angle. Fibronectin (FN) has an 

isoelectric point (pI) between 4.9 and 6.3 at pH 7.4, thus resulting in a negative charge. Albumin 

is the most abundant protein in blood and is also negatively charged at physiological pH (pI: 4.9) 

and it may compete with FN for absorbing on titanium surfaces. Sousa et al. [33] showed that 

FN is less resistant to displacement by other serum or cell derived proteins during initial cell 

attachment and later during spreading and growth phases. Both the orientation and distribution of 

FN on to nanostructured surfaces have recently been proposed to control not only the adhesion 

but also the differentiation of mesenchymal stem cells into osteoblasts [12]. The authors have 

hypothesized that spatial localization of FN on surfaces may elongate cells through focal points, 

a stress cytoskeleton through actin fibers which in turn induces the expression of osteoblastic 

genes. This hypothesis is illustrated in Figure 3.  

In this diagram, proteins such as FN are adsorbed on to smooth titanium with random 

distributions and orientations that are influenced by the chemistry and wettability of the surfaces. 

On the other hand, proteins could specifically interact with nanopores and exhibit the RGD (Arg-

Gly-Asp) cell-adhesion sites on nanostructured titanium through different conformations. These 

differences in protein adsorption may direct the differentiation of cells. This hypothesis should, 

however, be supported by stem cell gene expression on different surfaces. For instance, non 

differentiated mesenchymal stem cells are characterized by the expression of α-smooth muscle 

actin (αSMA), CD90, CD49a and CD105 cell surface markers. Osteogenic differentiation of 

stem cells is related to the expression of osteogenic markers such as Runx2, alkaline phosphatase 

(ALP), osteocalcin (OCN) and osteopontin (OPN). In order to validate the hypothesis of 

directing cell differentiation by surface properties, comparative studies should be performed 

using gene expression assays as described by Dalby [55]. Schneider et al. [34] also investigated 

the behavior of osteoblasts on titanium surfaces and found that the adhesion and proliferation of 

osteoblasts was better in the presence of serum due to the rapid formation of focal adhesions. 

Webster et al. [32] corroborated these results using osteoblasts, fibroblasts and endothelial cells 

seeded on nanophase ceramics (alumina, titanium, hydroxyapatite) and showed the ability of 

nanophase ceramics to selectively adsorb vitronectin, a mediator of cell adhesion. In addition to 

the nature and amount of proteins adsorbed on implants, the orientation of these biomolecules is 

of a great importance for cell adhesion on surfaces. For instance, differences in fibronectin (FN) 
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protein conformation on surfaces can affect the availability of RGD binding domains for cell 

adhesion [35]. Understanding of the effect of surface properties and nanostructures on protein 

adsorption is still a challenge for research and should be an approach to develop implant surfaces 

which allow better cellular interaction and thus better implant integration [36]. 

 

Effects of nanostructured implants on cell adhesion, proliferation and differentiation 

As illustrated in Figure 4, the initial contact of cells on surfaces will determine their behavior. It 

is well known that cells interact with surfaces at the micro or sub-micrometer scale. Cells 

initially interact with surfaces through Van der Wall’s forces. The presence of components of 

extracellular matrix such as FN and vitronectin will condition their anchoring to the surface 

through cell-membrane integrins. Integrin fixation is triggered by a complex cascade of 

biochemical and biomechanical pathways that culminate with the formation of focal points 

between cells and microenvironment [37]. After initial contact, cells produce filopodia that 

transiently sense the surface enabling optimum anchorage and spreading [38]. These cell-surface 

interactions have a direct effect on the spatial organization of the cytoskeleton. Several studies 

have illustrated that surface properties, particularly surface roughness, play a major role in cell 

adhesion: for instance, cells aligned along lanes on microstructured surfaces [3]. This 

phenomenon is called contact guidance and has also been observed on nanogrooved surfaces 

[39]. Anselme et al. [40] recently showed that surface chemistry at the nanometer scale rather 

than microtopography (Ra>1 µm) may explain why cell attachment is not systematically 

increased by rough surfaces [41-46]. This work corroborated that cells interact with surfaces at 

the micrometer and the nanometer range. It seems that cells respond to surface topography at 

both the micro and nanometer level but are sensitive to surface chemistry at the nanometer scale.  

The difficulty in studying cell behaviors on implants relates to the use of standardized surfaces 

and quantitative biological assay methods. However, most physical and chemical surface 

treatments produce random, highly variable topologies making the assessment of biological 

phenomena rather unpredictable. In order to decipher the cell-surface interactions, normalized, 

well-characterized and reproducible surfaces must be used. For this purpose, nanotechnology 

should make it possible to obtain surfaces which are reproducible at the nanometer scale. 

After standardization of surfaces, the numbers of adhering and proliferating cells on surfaces 

could be directly counted or determined by using metabolic assays [47]. Contact guidance, which 

is the ability of the cell to use substrate morphology for orientation and migration, could be 

visualized by the organization of actin fibers and cell morphology. Cell morphology and 

differentiation can be approached by immunostaining techniques. The cytoskeleton is usually 
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visualized by using actin antibody while focal adhesion points are stained with Vinculin. The 

osteogenic differentiation of cells on different substrates could be evaluated by the expression of 

markers such as OCN and OPN [1, 48], the mineralization of extracellular matrix using Alizarin 

red [49] or Von Kossa staining [50], or EDX or Fourier transform infrared spectroscopy (FTIR) 

mapping [50]. Bone morphogenetic protein-2 (BMP-2) and ALP production are both considered 

to be early bone formation markers. ALP activity could be histochemically stained [51, 52] or 

measured using p-nitrophenyl phosphate assay [52]. Polymerase chain reaction (PCR) arrays 

have recently been used to elucidate the molecular mechanisms implicated in cell response to 

nanostructured surfaces [1]. This technique is useful for screening limited gene sets associated 

with extracellular matrix, cell adhesion molecules and proliferating genes [5, 53]. The genes 

associated with adhesion and proliferation were up-regulated on nanostructured surfaces 

compared with the other genes. PCR array, DNA chips and real time PCR determination of 

osteogenic markers such as BMPs, bone sialoprotein (BSP), OCN, OPN, etc. could be carried 

out for studying the differentiation of cells on nanostructured surfaces [3, 54].  

The influence of surface properties on cell behavior has been studied using many surfaces and 

cell types such as mesenchymal stem cells (MSCs), osteoblasts and fibroblasts. MSCs are stem 

cells derived from somatic tissue which can be differentiated into mesenchymal lineages such 

bone, cartilage, fat and skin. Dalby et al. [55] showed that MSCs differentiate better on random 

nanostructured surfaces without stimulation by osteogenic factors. Several papers have reported 

that increasing surface roughness enhanced osteoblastic differentiation while inhibiting cell 

proliferation [56-59]. However, others have shown that high surface roughness improved 

proliferation [13, 60]. Lipski et al. [48] observed the effect of nanoroughness on osteoblasts by 

immunostaining of actin. They found that cells decreased their surface areas when roughness 

increased from 50 to 300 nm. Differential protein adsorption on nanometer sized topographies 

influenced the density of FN adsorption and the focal adhesion points of osteoblasts [61]. 

Santiago et al. [62] showed that osteoblastic cell differentiation/viability/proliferation was 

greater for Ti samples treated with HCl / H2SO4 in comparison to surfaces immersed in sodium 

fluoride solution. Wang et al. [63] confirmed the role of chemistry on cell behavior. They found 

that positively charged functional groups promoted fibroblast attachment and spreading. OCN 

and ALP activity were highest on smooth polished surfaces and lowest on rough plasma-cleaned 

Ti, indicating that bone cell phenotypic expression can be altered by surface preparation 

techniques [27, 43]. Fibroblast adhesion and proliferation have been shown to be lower on 

nanoscale surfaces compared to smooth surfaces [64, 65]. 
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Numerous reports have therefore demonstrated that nanometer sized features may control cell 

fate through protein adsorption and cell signaling pathways. It is possible to imaging developing 

new implant surfaces with predictable tissue integrative properties.  

 

Future trends: controlling implant tissue integration with nanostructured surfaces 

The nanostructure of implants seems to play a key role in controlling the differentiation of cells. 

In turn, it may correlate to the tissue integrative properties of implants. However, there is still a 

lack of correspondence between in vitro and in vivo experiments in relation to nanostructured 

surfaces. Ogawa T et al. [66]  prepared Ti nanostructures by physical vapor deposition and tested 

their osseointegration in rat femurs. They found a surface area increased by up to 40 % and a 

greater strength of osseointegration for the nanostructured compared to an acid-etched surface. 

Sul et al. [67] prepared anodized surfaces with an oxide thickness varying between 200 and 1000 

nm and implanted them into rabbit tibias for 6 weeks. They observed that implants with thick 

oxide layers were better osseointegrated than implants with an oxide layer more than 600 nm in 

thickness. Furthermore, Son et al. [12] showed that the removal torque strength was significantly 

higher for anodized implants (48.02 ± 5.92 N/cm) than the untreated implants (controls) (27.83 ± 

1.78 N/cm) at 6 weeks after implantation in a rabbit model. It was concluded that the surface 

anodized implants resulted in a high interfacial strength at an early implantation period as 

compared to the non treated titanium implants. Eriksson et al. [68] examined both cell behavior 

and the healing response between hydrophilic and hydrophobic titanium implants after 3 weeks 

in rat tibias. They observed no significant difference in cell numbers between the two types of 

surface, but an increase in the expression of certain osteogenic markers on hydrophilic surfaces. 

Several studies have demonstrated that hydrophilic surfaces play a crucial role in the initial stage 

of wound healing due to higher thrombogenic properties than hydrophobic surfaces [69, 70]. 

Sawase et al. [71] showed that photo-induced hydrophilic implants in rabbit tibias enhanced 

bone formation with bone-to-metal contact of 28.2 % after 2 weeks of healing (control at 17.97 

%). Certain authors have correlated the initial events in bone formation adjacent to the surface 

with the long term tissue response to these materials in humans [72, 73]. Schwartz et al. [72, 74] 

investigated the initial events in bone formation adjacent to glass ceramic, Ti, CaP and stainless-

steel implants in rat tibias following bone marrow ablation.  

All these studies tend to demonstrate that surface properties at the nanometer scale could 

determine the nature of the peri-implant tissue. Although the hypothesis is not fully validated to 

date, it may be possible to promote early osteogenic differentiation of cells and bone apposition 

rather than a fibrous encapsulation by using nanostructured implant surfaces [1, 27]. The 
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capacity of surfaces to direct MSCs into a specific lineage remains a challenge as few 

correlations between in vitro and in vivo experiments have been made. Furthermore, a systematic 

approach using standardized surfaces is usually not carried out.  

 

Conclusion 

Nanostructuring the surfaces of implants is a subject receiving considerable interest but the 

mechanisms leading to protein adsorption, cell attachment proliferation and differentiation, as 

well as tissue integration, remain poorly understood. Careful preparation of standardized 

nanostructured surfaces with repetitive topography may elicit protein adsorption, cell response 

and cell differentiation. Further research aiming at correlating cell behavior and tissue integration 

will be required in the future to decipher the role of surface nanostructures in these biological 

responses. It is possible to imagine controlling peri-implant tissue healing by changing the 

surface properties at the nanometer scale. Despite active research in implants, the ideal surface 

for predictive tissue integration remains a challenge. 
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Executive summary 

Introduction 

• The precise role of the surface properties of implants in biological response remains 

poorly understood. 

• Nanotechnology may facilitate the development of a controlled nanoscale for biological 

assays. 

Methods of preparation of nanopatterned titanium implant surfaces 

• Several methods are generally used for the preparation of nanopatterned surfaces such as 

photolithography or anodization. 

Analysis of implant surfaces 

• Roughness, chemical composition, surface energy and Zeta potential should be measured 

to characterize the surface properties of implants. 

Protein adsorption on implant surfaces  

• Immediately after implantation, implants are in contact with a wide range of 

biomolecules present in blood that will interact differently depending on their surface 

properties. 

• The nature, conformation and orientation of proteins on the surface of implants will have 

a direct consequence on cell behavior. 

Effects of nanostructured implants on cell adhesion, proliferation and differentiation 

• Nanometer sized features may control cell fate through protein adsorption and cell 

signaling pathways 

Future trends: controlling implant tissue integration with nanostructured surfaces 

• The nanostructure of implants seems to play a key role in controlling the differentiation 

of cells. 

Conclusion 

• Further research aiming at correlating cell behavior and tissue integration will be required 

in the future to decipher the role of surface nanostructure in these biological responses.   
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Figure caption 

 

Figure 1: Tissue – dental implant interactions at both gingival and bone sites. 

 
Figure 2: Physical and chemical analysis of surface properties. a) roughness by AFM, b) analysis 

of chemical composition by XPS or EDX, c) surface energy by contact angle and d) charges by 

using Zeta potential. 
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Figure 3: Influence of surface on cell morphology and differentiation a) adsorption of proteins 

and stem cell adhesion on smooth surfaces b) specific adsorption of proteins on nanostructured 

surfaces and osteoblastic differentiation. 

 

 
Figure 4: The successive steps of cell adhesion on nanostructured surfaces. a) AFM image of a 

nanostructured substrate, b and c) Confocal images of human mesenchymal stem cells after 2 

and 4 h on surfaces. Immunostaining of Actin (green) and Vinculin focal points (red) are shown 

(bare scale: 20µm). Diagram showing initial attachment, adhesion and spreading of cells on 

nanostructured surfaces. 
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