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Highlights

 Nanoscale morphologies of titanium dioxide by electrochemical anodization

 Wettability of Ti-Nanostructures studied by Contact Area Kinetics

 Improved time-dependent surface wettability

 Results suggests promising platform for biomedical applications

 Change in physicochemical surface properties of TiO2 nanostructures as a function of 

various diameters
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Abstract

Biomedical implants made of titanium based materials are expected to have certain essential 

features including high bone-to-implant contact and optimum osteointegration, which are 

often influenced by the surface topography and physicochemical properties of titanium 

surfaces. The surface structure in the nanoscale regime is presumed to alter/facilitate the 

protein binding, cell adhesion and proliferation, thereby reducing post-operative 

complications with increased lifespan of biomedical implants. The novelty of our TiO2

nanostructures lies mainly in the high level control over their morphology and roughness by
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mere compositional change and optimization of the experimental parameters. The present 

work focuses on the wetting behaviour of various nanostructured titanium surfaces towards 

water. Kinetics of contact area of water droplet on macroscopically flat, nanoporous and 

nanotubular titanium surface topologies was monitored under similar evaporation conditions. 

The contact area of the water droplet on hydrophobic titanium planar surface (foil) was found 

to decrease during evaporation, whereas the contact area of the droplet on hydrophobic 

nanorough titanium surfaces practically remained unaffected until the complete evaporation. 

This demonstrates that the surface morphology and roughness at the nanoscale level 

substantially affect the titanium dioxide surface-water droplet interaction, opposing to 

previous observations for microscale structured surfaces. The difference in surface 

topographic nanofeatures of  nanostructured titanium surfaces  could be correlated not only 

with the time-dependency of the contact area, but also with time-dependency of the contact 

angle  and electrochemical  properties of  these surfaces. 

Keywords: nanostructured titanium surfaces, biomedical implants, nanorough surfaces, 

wettability, surface electrochemical properties, time-dependent contact area

Introduction

Titanium (Ti) and its alloys exhibit highly promising biomaterial properties including high 

biocompatibility, great tensile strength, high corrosion resistance1 and have more resistance 

to the effects caused by fluids that are excreted or secreted from the human body. Owing to 

these outstanding properties, Ti alloys are widely used in biomedical applications, for 

instance, to produce/fabricate implants for hard tissue replacement.2-4 In order to improve  the 

interactions with the living bone,4 the so-called “osteointegration” or “osseointegration” 
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process, the implant surface made from Ti and its alloys needs to be physically and/or 

chemically modified.5,6. Speed, strength and degree of osteointegration depend mainly on the 

surface properties of implants, among which chemistry, physics, topography and wettability 

are known to be very crucial factors.4,7, 8

The adsorption of proteins and, later, the adhesion of cells are time dependent phenomena

which happen in steps. The initial response when the material is inserted in the biological 

surroundings is the adsorption of water molecules to its surface, which happens just within 

the first few nanoseconds. The reason is simply the abundance of water in the body. Many 

molecules, including proteins are dissolved in the aqueous medium. Therefore, understanding 

the wetting behaviour and the wettability kinetics of the material surface with water becomes 

an essential step, which has been focused in the present work.

As an example, we checked the interaction of water droplet with nanostructured titanium 

surfaces. Surface roughness and surface physicochemical properties (among them wettability) 

of the biomaterial are interrelated with the protein adsorption phenomenon.9,10,11 The water 

adsorption to the implant surface depends on the charge density of the surface which is

strongly influenced by its nanoscale roughness.12,13 These factors have the major 

contribution in defining the implant surface-to-blood interactions as well as influencing the 

cell adhesion and, consequently, their growth and differentiation.14,15,16 After the initial 

adsorption of water molecules to the surface, the second stage involves the adsorption of 

proteins. Implant surfaces e.g. titanium dioxide (TiO2) surfaces and cell membranes are both 

negatively charged;17 it is therefore necessary to have a mediator that shields the repulsive 

force between them.17,18 Proteins often work as these mediators thereby bridging the 

repulsive electrostatic interactions between equally charged surfaces.18 First, small proteins 
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get adsorbed, due to their rapid transport to the surface, which over time are partially replaced 

by bigger ones having greater affinity towards the surface,19 following the “Vroman effect” 

theory. The binding of bigger proteins is sometimes mediated by previously bounded smaller 

proteins.14 Smaller proteins are also known to mediate the adhesion of cell glycocalyx (i.e. 

glycoprotein-polysaccharide cell coating).17,18

Surface properties, including wettability and charge, influence the adsorption of proteins

which mediate the adhesion of bacteria and cells to the implant.7,8 Some cells prefer to attach 

to hydrophilic surfaces, while others have characteristic attraction towards hydrophobic 

ones.20-22 Generally, hydrophobic surfaces are considered to be more protein-absorbent than 

hydrophilic ones, due to the strong hydrophobic interactions.9,23 However, this could cause 

conformational changes or, sometimes, denaturation of proteins and, thus, lower the 

proliferation of cells on such surfaces. It is reported that biomaterial surfaces with moderate 

hydrophilicity display improved cell growth and biocompatibility.13 Nevertheless, cell 

adhesion can decrease as the material becomes too hydrophilic. Cell proliferation also 

depends on an appropriate orientation of proteins which gives guidance to the cells. Time 

dependent conformational changes of adsorbed proteins as well as adhesion kinetics and 

strength of protein binding9,24 are, therefore, of primary importance. Another key factor to 

tailor the biological response is the surface electric charge of the implant. Most of the plasma 

proteins are negatively charged at physiological pH (pH = 7.4), so that repulsive electrostatic 

interactions are expected to occur towards the negatively charged Ti-implant surface17,18. 

Once again, the protein conformational changes play an important role.25 The optimization 

of the physico-chemical surface properties17,18, in this manner, becomes a crucial parameter

to be considered while designing the biomedical implants.26
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The surface topography considerably alters the cellular behaviour in terms of adhesion, 

spreading, migration, proliferation and signalling.7 For instance, fibroblasts and epithelial 

cells adhere more strongly to smooth surfaces, whereas rough surfaces aid in osteoblastic 

proliferation and collagen synthesis.27 In general, larger the effective (real) surface area,

higher is the degree of bone-to-implant (BIC) contact, which is one of the important elements 

for the success of orthopaedic implants.28 It should be also stressed that micro and nanoscale 

patterns are not only observed in implant substrates (in vitro) but are also seen in vivo, for 

example, fibrils and fibre bundles (collagen and fibrin),29 rough surfaces (crystal deposit in 

bone) and porous membranes (basement membranes).30 These naturally-occurring 

hierarchical patterns play an important role in many biological tissues, including bone, teeth, 

and cartilage29,31 as their surface properties, such as wettability and topography (and their 

interdependence), determine the adhesion and proliferation of cells in biological 

systems.15,16,18,32 Moreover, nanostructured surfaces are shown to play an important role in 

osteoblast proliferation as well as in mimicking natural bones.33-35 In fact, cells are presumed 

to sense and respond to such nanoscale topographical attributes also through membrane 

deformation and stretching.18,36,37 All these surfaces own a specific nanostructure which 

enables the desirable adsorption of proteins which further guide cells. 

Within the biomedical community, the nanorough (1-100 nm) surfaces are becoming more

popular than macro (10 m to 1 mm) and micro (1-10 m) rough surfaces. Nanoscale 

topography increases the effective (real) nanoscale surface area and, thus, enhances the 

ability to withstand more molecules, like proteins. Due to higher surface charge density at

nanoscale sharp edges, nanoscale sharp edges may facilitate monovalent and divalent cation-

mediated binding/adhesion of proteins to the surface.17,18 The layer of the adsorbed proteins 

and other molecules, in this manner, improves the cell attachment to the surface.38 In the 
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current study, we have employed nanorough titanium dioxide surfaces, made of nanotubes 

and nanopores, and a microrough surface (titanium foil). The nanostructured surfaces were 

fabricated by electrochemical anodization.39 Parameters were tuned to obtain macroscopically 

flat, but locally rough nanoporous (15 nm pores) and nanotubular surfaces (diameters 50 and 

100 nm). Studies demonstrate that the nanoscale morphologies display different wettability 

behaviour as compared to their microscale counterparts.40,41

In general, the physics of liquid droplet interactions with nanostructured40 and 

microstructured41 surfaces have been the subject of increasing interest in the past few years. 

Most of the theoretical descriptions assumed that either the liquid drop penetrates into the 

surface invaginations (Wenzel regime) or the drop stays on the microstructured surface 

protrusions (Cassie regime) and does not contact the bottom plate.41 Seldom, the intermediate 

situation is considered, where the drop partially protrudes into the invaginations of the 

microstructured surface, i.e. due to the roughness of the microscale protrusions on their top

(Wenzel-Cassie regime).41 We show in this work that the TiO2 nanostructures have a specific

influence on the interaction between the water droplet and the surface.  To some extent, this

makes the droplet behaviour on TiO2 nanotubular surface different from what expected on the 

microscale structured surfaces, based on the validity of either Wenzel or Cassie law. We

propose that the specific behaviour of the nanostructured surfaces may have an important 

effect on the features that are crucial for designing orthopaedic implants, such as protein 

adsorption, cell adhesion and osteointegration. In addition, we measured the surface charge 

properties of the pristine and nanostructured titanium, to verify the occurrence of any 

variation in terms of isoelectric point (IEP) and zeta (ζ). 
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Experimental

Materials

Ti-foils of 0.1 mm thickness (99.6 % purity) were obtained from Advent Research Materials, 

England. Distilled water used during the entire study was purified by Werner – Reverse 

osmosis equipment. Hydrofluoric acid (HF) and the solvents, namely Ethylene Glycol (EG),

ethanol, and acetone, were purchased from Sigma Aldrich, Germany and used without further 

purification.

Fabrication of TiO2 Surfaces

The Ti-nanostructures were fabricated according to the electrochemical anodization method 

published earlier,1,39 although using slightly different parameters, as described below. Prior to 

anodization, Ti-foils were degreased by successive ultra-sonication steps in acetone, ethanol 

and deionized water for 5 min each and dried under the nitrogen stream. EG based 

electrolytes were used to grow Ti-nanostructures with specific compositions, as listed in 

Table 1. All the anodization experiments were carried out at room temperature (∼20 C) in a 

two-electrode system, using the titanium foil as the working electrode and a platinum gauze 

as the counter electrode. As-formed nanostructures were allowed to stand in ethanol for two 

hours in order to remove organic components from the electrolytic solution. This step was 
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followed by washing of the nanostructures with distilled water and drying under nitrogen 

stream. 

It should be stressed at this point that the hydrophobic/hydrophilic character of the TiO2 

nanopore/nanotube surface may depend on aging, where the effect of aging can be strongly 

modified/abolished by annealing or other methods.40,42,43 For example by the aid of plasma 

treatment technique, the hydrophobic character of aged TiO2 nanopore/nanotube surface will 

be reversed to hydrophilic, possibly due to the removal of surface contaminants, such as 

carbon. It was shown recently that wettability of TiO2 nanosurfaces can change with time.41

Keeping this in mind, in the current work we deliberately used two months-aged surfaces, 

which showed a hydrophobic (i.e. contact angle > 90) or weakly hydrophilic character.

Atomic Force Microscopy (AFM)

Topographic features of Ti-foil and Ti-nanostructured surfaces were examined by atomic 

force microscopy (Solver PRO, NT-MDT, Russia) in tapping mode in air. The samples were 

scanned with the standard Si cantilever at a constant force of 22 N/m and resonance 

frequency of 325 kHz (10 nm tip radius, 95 µm tip length). The average surface roughness 

(Ra) was calculated from 3x3 μm2 image areas. The results are shown as the average Ra from 

five different areas. 

Scanning Electron Microscopy (SEM) 

High contrast images of nanostructural morphology of Ti-surfaces were obtained by 

Scanning Electron Microscopy (Hitachi FE-SEM S4800). All samples were used without 

gold sputtering, as the untreated samples already display images with reasonably good 

contrast.
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Contact Distance (D) Measurements

Water droplet contact areas, expressed in terms of contact diameter (D) of the curve fitted to 

the droplet image (see Figs. 3, 5), on all the Ti-surfaces were measured at regular intervals 

using the Contact Angle Instrument (First Ten Ångstroms, Inc. USA, FTA1000 series). The 

measurement system consisted of a sample stage, vertically fitted Hamilton micro-syringe to 

place the water droplet on the sample and the camera mount - TV lens camera with Extension 

tube set 40 mm (Edmund optics, Japan). Images were captured and analysed for contact areas 

using the FTA32 Video 2.0 software. All the measurements were performed at room

temperature (27±1 C). 

Surface charge measurements by streaming potential

The surface charge analysis was accomplished using an electrokinetic analyser (SurPASS, 

Anton Paar GmbH, Austria). The pH dependence (titration curve) of zeta potential (ζ-

potential) and  isoelectric point (IEP) were obtained in 0.001 mol/l potassium chloride (KCl 

p.a., Carl Roth GmbH, Germany) solution by streaming potential measurements.

Results and Discussion

Nanoscale Morphology of Ti-Surfaces

The morphological features of TiO2 nanostructures were determined by SEM technique. High 

contrast images clearly define the dimensions of nanopores and nanotubes as shown in Fig. 1. 

SEM images demonstrate the nanostructural uniformity and hollowness of the surfaces as 

expected. The nanopores present an average diameter of 15 nm with standard deviation of 

20%. Nanotubes samples have average 50 nm and 100 nm diameters with standard deviations 

of 10% and 5% respectively.
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The topographical features of the nanostructures investigated by AFM  are shown in Fig. 2. 

The pristine (non-anodized) Ti-foil used for this study was flat at the macroscopic level, but 

presented local vertical distortions (vertical roughness) by AFM imaging at the microscopic

level. The estimated vertical  roughness of the Ti-foil was around  28 nm. Imaging of 

nanoporous Ti-surface (pore diameter of 15 nm) was not possible due to the excessive size of 

the AFM tip, which produced practical artifacts on the surface. The situation was almost 

similar for the Ti-surface with 50 nm nanotubes, which appeared to be closed rather than 

open (hollow) structures. This attribute was also reflected by a lower  vertical roughness 

value (around 20 nm) as compared to the pristine Ti-foil. It was, however, possible to get 

better understanding of topographic features of  Ti-nanotubes of 100 nm diameter as shown 

in Fig.2. The AFM tip could penetrate the hollow into the 100 nm diameter nanotubes,

providing a clear picture of the open nanotube structures. This was beneficial to validate the 

presence of nanotubes and their variable depth in contrast to 2-dimensional SEM 

micrographs. The surface vertical roughness was estimated to be    around 40 nm but the 

actual vertical roughness is presumed to be much higher, as the AFM tip could not 

distinguish the interstitial sites among the nanotubes and was not able to reach the bottom of 

the nanotube surface. Therefore, the AFM study revealed slightly different information than 

SEM, due to its technical limitations as described above.

Wettability Studies of  Ti-nanostructures by Contact Area Kinetics

For each experiment, a single droplet of ~10 µl distilled water was placed on the Ti surface

using the Hamilton micro-syringe. The images were captured immediately after placing the 

drop on the surface (t = 0) and every five minute thereafter, until the complete evaporation of 

the drop. Fig. 3 displays images recorded after every 5 min until evaporation of the droplet 

(observed at 30 min). The largest planar distance between end points of a curve fitted to the 
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side-view image of water droplet was defined as contact diameter D, which simply equals the 

diameter of the contact area (Figs. 3, 5).

As expected,41 the D value for macroscopically flat and weakly hydrophilic Ti-foil changed 

significantly with time, especially in the later stages of evaporation, i.e. after 15 min (Fig. 4). 

The roughness of Ti-foil surface, albeit locally distorted and not ideally smooth17, was not 

sufficient to hinder the receding of the droplet edge (contact line), i.e. to decrease the value of

D. Therefore, the droplet evaporation after certain time,41 executed from the outer edges 

along 360, caused the considerable decrease in the D value with time (see Fig. 4). In 

contrast, the nanoporous and nanotubular surfaces, due to their enhanced roughness (see Figs. 

1 and 2), exhibited constant  D values. This may be attributed to the penetration (at least 

partial) of the water into the hollow interiors of the nanopores/nanotubes and also into 

intermediate space among nanotubes (probably in accordance with mixed Wenzel-Cassie 

regime,41  explained later). Due to the liquid penetration, the effective area wetted by water 

in case of nanorough surfaces is larger than the area of the ideally smooth surface (which 

equals to π D2/4, see Fig. 5). The elevated wetting of the upper part of hollow interiors of the 

nanopores/nanotubes may result in an increase in attractive and frictional forces, thereby 

restricting the receding of the droplet edge (contact line) in the lateral direction and keeping 

the D value practically unchanged or minimally changed (Fig. 4). The topographical

roughness of the TiO2 nanostructured surfaces  in vertical direction  (as shown in Fig.2) may 

additionally  contribute towards hindrance of the receding droplet, among others due to 

increased frictional forces.

As evident from Fig.4, the water droplet contact angle decreases gradually with time during 

the whole evaporation process in all the presented cases. This phenomenon was observed 

already in the past, but exclusively on hydrophilic surfaces. The explanation of such 
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behaviour of the contact angle is still not clear.41 It was further shown that the evaporating 

water droplet on a hydrophobic surface retains a constant contact angle, while,

concomitantly, the contact diameter decreases.41 On the other hand, the water droplet on a 

hydrophilic surface initially preserve a constant contact diameter, while the contact angle 

decreases from the very beginning.41 Once the receding value of contact is reached, both the 

contact diameter and the contact angle decrease.41 In our case (Fig. 4) the nanostructured 

TiO2 surfaces behave very differently, as described above. Namely, on nanostructured TiO2

surfaces the evaporating water droplet preserves/keeps its contact diameter despite of its 

hydrophobic nature (contact angle > 90) (Figs. 3b,c). On the other hand, the contact diameter 

of the water droplet on Titanium foil recedes during the evaporation process (Fig. 3a).

Interaction Behaviour of Water Droplet with Ti-Nanostructures

According to Wenzel law, the increased roughness of the microstructured surfaces (and thus 

enhanced effective surface areas) make the hydrophobic surface even more hydrophobic and 

hydrophilic surface even more hydrophilic.41  On the other hand the contact area of  Cassie 

droplet is determined by the ratio of contact surface area of the drop with the microstructured 

surface (top surface of protrusions) to the total top surface.41

Our results indicate that the behaviour of water droplet on the TiO2 nanoporous and 

nanotubular surfaces is only partially governed by the Wenzel law or the combined Wenzel-

Cassie law.41 Nevertheless, it is hard to estimate the degree of penetration of the water in the 

interior of the nanotubes and nanopores and the role of the nanoscale vertical surface 

roughness. The measured values of the initial contact angle (at time zero) for 15 nm  and 50 

nm nanotubular  surfaces and nanoporous surface (not shown) are larger than the 

corresponding value for Ti-foil and are increasing from 50 nm to 15 nm nanotubular surface 
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and further to nanoporous surface.  This is not in agreement with the Cassie law, since the top 

surface (ring) area of the TiO2 nanotubular surfaces increases following the order from 100 

nm, 50 nm to 15 nm nanotubular surface  and finally to nanoporous surface. On the other 

hand, the initial contact area for 100 nm nanotubular surface appears to be smaller than the 

initial contact area for Ti-foil surface. Therefore from these contact angle values it cannot be 

confirmed whether the droplet partially (Wenzel-Cassie droplet) or fully (Cassie droplet) 

resides on the surface of the nanotubes. 41,44  

The wetting phenomenon of Ti-foil can be correlated to the droplet retraction due to the

hysteresis of contact angles from slightly rough surfaces.45 However, the wetting of 

nanorough surfaces (TiO2 nanopores or nanotubes), appears to be much more complicated

and needs more complex models like Wenzel model46,47 or Cassie-Baxter model48 or a 

combination of them.41 The nanorough surfaces may act as adsorptive materials at the

nanoscale that can wet the interior and the intermediate regions of nanopore/nanotube 

surfaces, as shown by the schematics in Fig. 5.

The influence of different diameters of nanotubes on the surface charge

The surface charge of the samples was estimated using the surface streaming potential 

technique and expressed as the  ζ-potential  dependence on  the pH (Fig. 6). The titanium foil 

showed its IEP at the most acid pH (pH = 3.74) among the samples. The nanostructured 

surfaces with nanotubes of 15 nm, 50 nm and 100 nm in diameter presented their IEP at pH 

4.70, 4.58 and 5.18, respectively. The more acidic IEP for titanium foil than for the anodized 

titanium is partially due to the amorphous oxide structure (short range order), naturally 

formed by passivation, which may influence the stability and density of the surface hydroxyl 
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groups.25,49,50  On the other hand, the stoichiometric titanium dioxide nanotubes displayed 

IEP at more basic pH than titanium. In accordance with Pedimonte et al.,50 a general trend for 

the nanostructured surfaces was observed, i.e. the IEP became more basic with the increase in 

pore size. Thus, the nanotube diameters might have an influence on the local surface 

chemistry at the top-edge of the nanotubes and, consequently, on a different coordination 

hydroxyl groups, which results in the IEP shift for the 100 nm diameter nanotubular surface. 

At pH higher than the IEP a negative surface charge exists, therefore at physiological pH all 

the samples appeared negatively charged. Significant differences in terms of measured ζ-

potential values were found: the titanium foil showed the highest negative ζ-potential, 

followed by the series of the nanostructured samples, 15 nm diameter nanotubes, 50 nm 

diameter nanotubes and 100 nm diameter nanotubes, in sequence. This may be partially 

explained by  increasing top surface (ring) area   of  TiO2 nanotubular surface   following the 

order from 100 nm, 50 nm to 15 nm diameter nanotubes with the highest top surface area. In 

addition,  the total length  of  the  inner and outer edges of  the  nanotubes (calculated per unit 

area of  the nanotubular surface) is  the largest for 15 nm nanotubular surface which may also 

contribute to more negative (average) surface potential  for  15 nm nanotubes  (see for 

explanation Gongadze et al.18).  Also, an effect of the considerable vertical surface 

roughness of the 100 nm diameter nanotubes on the average surface charge density cannot be 

excluded.  Among all the samples, the Ti surface covered by 100 nm diameter nanotubes 

appeared to exhibit at the nanoscale level the most pronounced topographical variation in the 

vertical direction (see Fig. 2) and also the most hydrophilic  character  (i.e. the smallest 

contact angle).   Taken all together, the described topographical  (Figs.1,2) electrochemical 

(Fig. 6) features of  100 nm nanotubular surface are proposed to contribute to  least 

negatively charged  100 nm nanotubular surface (having ζ-potential ≈ -35 mV at 

physiological pH).  The observed  differences in   ζ-potential and IEP  values  between 
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different diameter    nanotubular surfaces   clearly  indicate  the important influence of  

nanotubes’ diameter and vertical topographical variation (roughness)  on  the electrochemical 

properties of   TiO2   nanotubular surfaces. 

Conclusions

We have successfully fabricated well-defined titanium-nanorough surfaces using 

electrochemical anodization by a systematic optimization of the experimental conditions. The

titanium dioxide  nanorough surfaces demonstrably hinder the receding of the contact area 

during the evaporation of water droplet. The exposure of much larger effective (real) surface 

area and  the consequent  wettability of the nanorough surfaces, as compared to micro- and 

macroscopically rough ones, are potentially advantageous properties while developing 

biomedical implants.51-53 Moreover, the predicted behaviour of nanorough surfaces, with 

regards to the suppression of receding of contact area, could further contribute towards an

improved biological response in terms of adhesion of proteins, membranous components and 

cells to the implant surfaces.14,18,54,55 The larger effective (real) surface area of the implant 

generated by the nanostructuring of its surface is expected to improve the bone-to-implant 

contact, which is one of the important elements for the success of orthopaedic implants.
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Figure Captions

Fig. 1 SEM Micrographs of Ti-nanostructures: Scanning Electron Microscopy images of 

Titanium nanopores of diameter 15 nm, nanotubes of 50 nm and nanotubes of 100 nm 

diameter, Scale bar is 200 nm.

Fig. 2 AFM Images of Ti-nanostructures: Atomic Force Microscopy images of Titanium 

pristine foil, nanotubes of 50 nm and nanotubes of 100 nm diameter. Zoomed regions (along 

vertical ‘z-direction’) show further topological details. 

Fig. 3 Measurement of Water Droplet Contact Diameter   with Time: Contact diameter

of  the contact area between the droplet and Ti-surface is depicted with D (measured  in

millimeters) for each surface as shown in a) for pristine Ti-foil, b) for TiO2-nanotubes (50 nm 
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diameter) and c) for TiO2-nanotubes (100 nm diameter). Red arrows were used to denote

exact end points while yellow curves (e.g. yellow block arrows) defined the shape of the 

droplet.

Fig. 4 Time-dependence of Contact Diameter D of Various Ti-Nanostructures: Contact 

diameter  D of the droplet (see also Fig. 5) remained practically unaltered for nanorough 

surfaces whereas it changed considerably for flat Ti-surface.

Fig. 5 Schematic Diagrams of Wetting of Ti-Nanostructures: Wetting of Ti-foil drives 

the retraction of the droplet, whereas the nanoporous and nanotubular TiO2  surfaces are 

wetted differently by the droplet. Due to  changed  interfacial forces, the receding of contact 

area of the drop on  Ti O2-nanostructured surfaces is hampered and thus the contact  diameter 

D  remains nearby unchanged. (Blue shading is used to indicate aqueous regions whereas 

arrow depicts the path of wetting nanotube surface).

Fig. 6 The pH dependences  of  ζ-potential  for  Ti-foil and  TiO2  Nanotubular Surfaces

: ζ-potential for  Ti-foil and TiO2 nanotubular surfaces with 15 nm, 50 nm, and 100 nm 

diameters  as a function of pH in water at  0.001 mol/l  concentration of  KCl.
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Table

Table 1. Anodization Conditions used for fabrication of Ti-Nanostructures

Diameter of 

Nanostructure

Electrolyte Solution Potential (V) Time of 

Anodization

(hour)

Nanopores 15 nm EG + 6 M water + 0.2 M HF 10 1

Nanotubes  50 nm EG + 8 M water + 0.2 M HF 20 2.5 

Nanotubes 100 nm EG + 8 M water + 0.2 M HF 58 2.5
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Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=473488&guid=92e77371-db3b-42e6-a75e-5628adb296d9&scheme=1
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Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=473489&guid=ca002cd1-0984-488a-a9e8-d669cd4871d6&scheme=1
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Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=473490&guid=6932144f-244a-4b07-b966-38e9c93fbe2e&scheme=1
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Figure(s)
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Page 27 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=473492&guid=d44eacae-c6e1-4d46-8043-aaae224940a2&scheme=1


Page 28 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

Figure(s)

http://ees.elsevier.com/colsub/download.aspx?id=473493&guid=46de122c-42bb-4f17-ad0f-406a467a2b23&scheme=1


Page 29 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

*Graphical Abstract (for review)




