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Abstract 

This letter describes a simple surface modification strategy based on a single-step 

electrochemical anodization towards generating dual micro- and nano-rough horizontally-

aligned TiO2 nanopores on the surface of clinically utilized micro-grooved titanium based 

bone and dental implants. Primary macrophages, osteoblasts and fibroblasts were cultured on 

the nano-engineered implant, and it was demonstrated that the modified surfaces selectively 

reduces the proliferation of macrophages (immunomodulation), while augmenting the activity 

of osteoblasts (osseo-integration) and fibroblasts (soft-tissue integration). Additionally, the 

mechanically robust nanopores also stimulated osteoblast and fibroblast adhesion, attachment 

and alignment along the direction of the pores/grooves, while macrophages remained oval-

shaped and sparsely distributed. This study for the first time reports the use of a simply and 

cost-effectively prepared nano-engineered titanium surface via anodization, with aligned 

multi-scale micro/nano features for potent favourable selective cellular bioactivity, without 

the use of any therapeutics.  
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1. Introduction 

Without the challenges of loading and controlling the release of bioactive molecules, the 

fabrication of nano-engineered Ti implants with the ability to selectively tailor cellular 

responses may provide an ideal solution towards enabling favourable local therapeutic action. 

Of the various surface modification strategies researched to modify Ti implants, 

electrochemical anodization (EA) to fabricate TiO2 nanotubular/nanoporous structures stands 

out, mainly due to the ability to modulate cellular responses and ease of local therapeutic 

release [1]. In this study, we investigate Ti implants modified by a single-step EA procedure 

to fabricate aligned TiO2 nanopores, with the aim of improving the bioactivity of 

conventional bone/dental implants.  

 While polymeric patterns can be created to direct cellular fate using traditional or 

more advanced Langmuir-Blodgett lithography techniques, this approach has drawbacks as it 

can be expensive/cumbersome to modify large surface and complex geometry of commercial 

Ti implants, requires multiple fabrication procedures, and involves the use of polymers, 

thereby raising safety concerns for regulatory purposes [2]. Straightforward and cost-

effective surface modification can be achieved using a well-established protocol (EA) which 

enables growth of self-ordered nano-scale topography composed of metal oxide (TiO2) that 

renders Ti implants biocompatible. EA enables fabrication of high quality titania (TiO2) 

nanostructures (TNS) onto commercial implant surfaces including orthopaedic implants, 

fracture fixation pins, joint replacements, as well as screw shaped dental implants with more 

complex macro-designs [3]. While TNS modified surfaces are more bioactive than 

commercially available ‘gold standard’ micro- and nano-rough surfaces, research gaps 

remain with respect to achieving a desirable therapeutic effect directly at the implant-tissue 

interface, without the complication of loading/releasing potent bioactive agents such as 
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orthobiologics [4]. In order to facilitate effective therapeutic action at the site of implantation, 

an ideal topography should be able to selectively modulate the function of various cells 

involved in the post-implantation wound healing process. In the context of dental implants, 

which have the unique feature of trans-mucosal healing, this would involve the enhancement 

of gingival fibroblast (soft-tissue integration) and osteoblast (osseo-integration) function, 

while simultaneously attenuating macrophage inflammatory responses [4]. In that light, we 

propose fabrication of horizontally aligned TNS generated by EA on micro-grooved Ti 

surfaces to selectively modulate specific cell proliferation and alignment (Scheme 1). 

Scheme 1. Representation of the fabrication of aligned TiO2 nanopores and the parallel cell 

spreading. (a-b) 1-step anodization of titanium (micro-rough) yields aligned TiO2 nanopores 

(cross-sectional view presented) with preserved underlying substrate roughness (dual micro- 

and nano-topography), and (c-d) top-view schematic of spreading of various cells on bare Ti 

and aligned TiO2 nanopores. 
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 Contrary to commonly utilized approaches involving either surface smoothening 

followed by anodization or a 2-step anodization procedure, we hereby report generation of 

nanoporous TNS superimposed on an underlying micro-machined Ti surface [3,5]. The 

rationale for the approach is to preserve the underlying micro-features of the implant 

substrate, while superimposing nanotopography. It is noteworthy that in dental implantology, 

micro-roughness is considered a ‘gold standard’ for achieving early implant osseointegration 

and stability [4]. Scanning electron microscopy (SEM), atomic force microscopy (AFM) and 

nanoindentation testing of the generated surfaces was performed to reveal the unique micro-

nano surface features and mechanical properties of the implants, which was followed by 

culturing primary macrophages, osteoblasts and gingival fibroblasts for various time 

intervals. 

2. Materials and Methods 

2.1. Materials 

Commercially pure 0.20 mm thick Ti flat foils were acquired from Nilaco, Japan. All 

anodization chemicals and cell culture materials were obtained from Sigma Aldrich and 

ThermoFisher Scientific, Australia, respectively. 

2.2. Fabrication of nanoporous implants 

As-received Ti flat foils (1 cm
2
) were used as the starting material (‘Rough-Ti’), and 

were mechanically prepared using a gradient of sandpapers in a unidirectional fashion to 

create a grooved micro-rough surface (‘Micro-Ti’). The fabrication of TNS involved EA 

of Micro-Ti by employing a single-step EA procedure. Briefly, in a custom-designed 

electrochemical system, using appropriately aged 1% water (v/v) and 0.3% NH4F (w/v) 

ethylene glycol electrolyte, EA of the Micro-Ti was performed using either 60V 10m or 

80V 15m [3]. Post-fabrication all implants were cleaned in deionized water, dried in N2 

and sterilized using UV irradiation (for 1 hr on either side). 
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2.3. Surface characterization 

Surface morphology characterization of the prepared samples was performed using a 

field emission scanning electron microscope (Zeiss Sigma FESEM). The samples were 

mounted on a SEM holder with double-sided conductive tape and coated with a 5 nm 

thick layer of platinum. Images with a range of scan sizes at normal incidence and at a 

30° angle were acquired from the top/bottom surfaces and cross-sections. Atomic force 

microscopy (AFM) of the samples was also performed to image and quantify surface 

features/roughness using AFM-Cypher from Asylum Research. A minimum of 3 samples 

were used for all characterizations. 

2.4. Mechanical testing 

Mechanical properties of the fabricated TNS were evaluated by using a nano-indenter 

[Hysitron TI 950 TriboIndenter]. The indentation was performed in the longitudinal 

direction of the nanopores at a maximum loading force of 10,000 μN with a Berkovich 

indenter (three-sided pyramid geometry). At least three indentations were performed on a 

single implant surface (total 3 implants were used), and elastic modulus and hardness 

values were obtained as a function of depth. 

2.5. Culture of Macrophages, Fibroblasts and Osteoblasts 

 Primary murine bone marrow-derived macrophages (BMM), RAW macrophages, 

primary human osteoblasts and primary human gingival fibroblasts were cultured onto 

the implant surfaces (5.0x10
4
/well per 24-well plate, in triplicate) for predetermined 

intervals (1, 4 and 7 days). Proliferation rates as determined by cell counting kit (CCK-

8). 

2.6. Characterization of Cellular Spread Morphology 

The implants with cells attached were immersed in fixation buffer (3% 

Glutaraldehyde in 0.1M Cacodylate buffer). The cells were then washed with Cacodylate 
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buffer (0.1M), treated with Osmium Tetroxide (1% in Cacodylate buffer) and rinsed with 

ultra-high quality (UHQ) water. The samples were then sequentially dehydrated in 

ethanol (50-100%). Later the samples were treated with hexamethyl disilazane 

(HMDS).The samples (minimum 3 for each cell type and time-point) were then air-dried 

and mounted on Al stubs for imaging using SEM. 

 

3. Results and Discussion  

The SEM of the various substrates (Figure 1) shows the topography of Ti and TNS 

surfaces. Clearly the Rough-Ti has random surface roughness, which appears to be flattened 

by the mechanical preparation, resulting in the formation of micro-grooves (Micro-Ti). It is 

noteworthy that the extremely irregular and rough surface of as received titanium (Rough-Ti) 

represents a challenge towards fabrication of stable anodic nanoporous coatings. Therefore, 

mechanical preparation was used to reduce these roughness/irregularities and yield a 

clinically relevant micro-rough surface (Micro-Ti). Micro-Ti in turn allowed for stable 

fabrication of nanostructures. The single-step EA on a mechanically prepared Ti substrate 

(Micro-Ti) resulted in the formation of nanopores, which are aligned in the direction of the 

machined Ti surface. Anodization yielded nanopores with approximate diameter/length: 

50nm/8µm (TNS-50) and 70nm/12µm (TNS-70) for 60V and 80V respectively. It is 

interesting that the use of such nanopores, which arise from a single-step anodization on a 

micro-rough substrate in a reduced water electrolyte, has not been previously explored 

towards generating multi-scale topography [5].   
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Figure 1. SEM images showing the top view of the various implant surfaces studied. Scale 

bar (a, b, c and e = 1 µm) and (d and f = 100 nm).  

To further investigate and characterize the variation in surface topography among 

various substrates, AFM analysis was performed as presented in Figure 2. The results 

compliment the data shown in Figure 1, while providing more information on the Micro-Ti 

and TNS surfaces. It is evident that the mechanical preparation reduces the features of the 

Rough-Ti, while still preserving the underlying anisotropic crest-and-trough ‘groove-like’ 

topography. This continues to be preserved following anodization, thereby resulting in a dual 

micro- and nano-rough surface. It is noteworthy that studies have shown that such dual 

topographical features can be beneficial towards augmenting cell functions leading to 

enhanced osteogenic potential [6]. More importantly, the roughness values of the samples 

increased in the order: Micro < Rough < TNS-70 < TNS-50. This also implies that for TNS-
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50, low voltage (and hence a low current density) aids towards preserving underlying 

features, in comparison with the TNS-70. This data also demonstrates the ability to preserve 

the underlying features of the implant topography. This is in contrast to conventional 2-step 

EA or electropolishing which removes underlying micro-features to create a smooth substrate 

for nanotube/nanopore formation [3,5,7]. It is clear from Figure 2c-d that the nanopores are 

anisotropic and align in a direction, which resembles the mechanically prepared grooves on 

the Micro-Ti surface. 

Figure 2. Roughness of various Ti surfaces determined by AFM. (a) Rough Ti, (b) Micro Ti, 

(c,e) TNS-50 and (d,f) TNS-70. (g) Root mean squared (RMS) and surface roughness (Ra). 

TNS: titania nanostructures, diameter 50 nm (TNS-50) and 70 nm (TNS-70). 
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 The elastic modulus and hardness measurements, as performed by nanoindentation 

testing, for the nanoporous implants are presented in Table 1. For TNS-70, the modulus and 

hardness decreased with depth, however for TNS-50 no significant difference was observed 

for modulus but the hardness reduced with depth. This can be attributed to the nanoporous 

structure being compact and dense, and hence less prone to bend/collapse at the surface of the 

implant. This is in contrast to nanotubes where there is a gap between the individual 

structures, making them more prone to strain and fracture, as discussed elsewhere [7-8]. The 

measurements represent a mean value of several indentations performed on multiple samples, 

and no signs of delamination was observed for any of the samples. It is noteworthy that in 

comparison with the modulus and hardness values of conventional titania nanotubes (which 

are commonly researched for drug release and cell modulation applications, modulus 36-43 

GPa for thinner films), the small diameter/length of nanopores as presented in this study 

outperformed the nanotubes by several orders of magnitude [8]. It is worth noting that the 

values of nanopores fabricated via a single-step anodization on a medically relevant micro-

rough substrate as represented in Table 1, are superior or on par with the reported values of 

physically or chemically treated nanotubes, fabricated on smooth titanium substrates using 

multi-step/modified anodization technique towards enhancing mechanical stability [8]. At the 

same time, using different anodization parameters, the dimensions can easily be tailored for 

specific applications [3-4]. This finding also translates into achieving improved mechanical 

stability, with reduced risk of delamination or damage to the nanoporous structures (as 

compared to conventional nanotubes) in a dental/bone implant setting. Furthermore, in-depth 

mechanical stability investigations including chemical/electrochemical stability, especially in 

a load bearing long-term in vivo model is needed to ensure easy clinical translation of this 

technology.  
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Table 1. Variation in elastic modulus and hardness of titania nanostructures (TNS) of various 

diameters (50nm: TNS-50 and 70nm: TNS-70) with indentation depth as determined by 

nanoindentation testing. *: p<0.05 compared with values from 50 nm for TNS-70 

(underlined). 

  

  

The cell proliferation data for various cells on implants is presented in Figure 3a-d. It 

is evident that the TNS-70 significantly reduced the macrophage proliferation for both 

primary and RAW macrophages, correlating with previous investigations with ~70nm 

diameter TiO2 nanotubes [9]. Such investigations reported nanotubes with a diameter range 

of 60-70 nm are most immuno-modulatory as compared to smooth, rough and various other 

diameters of nanotubes [9]. Briefly, such observations can be attributed to various 

characteristics of nano-engineered implants, including surface roughness, chemistry 

(wettability), pore size, and also the induction of mechanical stimulation [10]. Furthermore, 

osteoblast and fibroblast proliferation on all of the implant surfaces increased over time, 

suggesting favourable biocompatibility that would support osseointegration and soft-tissue 

integration [4,11].   

Distance 
(nm) 

Elastic Modulus (GPa) Hardness (GPa) 

TNS-50 TNS-70 TNS-50 TNS-70 

50 86.02±8.7 110.55±13.2 4.20±1.5 6.32±2.5 

100 85.79±0.7 92.92±9.7* 3.03±1.0 5.22±1.0 

200 92.94±19.2 85.92±4.8* 2.70±1.0 4.02±0.6 

300 97.54±22.1 80.35±2.2* 2.63±1.1 3.53±0.6* 
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Figure 3. Comparison of (a-d) cell proliferation (1, 4, 7 days) and (e-l) cellular spread 

morphology (day 4, SEM images) between different cell types in response to various Ti 

surfaces. Scale = 20 µm. Asterisks ** denotes significant difference from TNS 70 (p < 0.01). 

TNS: titania nanostructures (nanopores), 50/70: diameter (nm). 

 The cell spread morphology on the TNS shows that BMMs are oval shaped, and are 

sparsely distributed on the TNS-70 implants (Figure 3e,i). Lee et al. have demonstrated that 

macrophage morphology reflects their function, where a more stretched appearance indicates 

evidence of migration and activation, whereas an oval shape is representative of an 

inactivated state [12]. On the contrary, osteoblasts and fibroblasts are elongated and confluent 

on the TNS implants, suggesting improved adherence. It is noteworthy that the presence of 

multi-scale adhesive cues on TNS, which also mimics the anisotropic topography in the 

natural tissue, can further enhance the therapeutic performance of the medical implants. 

 Various investigations have established that oriented cellular organization plays a 

crucial role towards the formation of cell-adhesion complexes and can dictate biological 

functions at the tissue level [13]. High magnification SEM images of cell spreading on TNS-

70 at day 4 are presented in Figure 4. It is evident that the macrophages randomly spread 

onto the nanoporous surfaces, while osteoblasts and fibroblasts are elongated and are found to 

be aligned in the direction of the nanopores. This finding can be related to the underlying 

micro-/nano-rough ‘crest and trough groove-like’ topographical features achieved by the 

single step EA of Micro-Ti, as shown in Figure 1-2. It is worth noting that such alignments 

were not observed for Micro-Ti samples. 
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Figure 4. SEM images showing the spread morphology and alignment of various cells on the 

nanoporous substrate (TNS-70, day 4). Scale bar = 2 µm. Arrows on (c-d) represent the 

direction of the underlying nanopores; cells can be seen parallel to nanopore alignment. 

 Conventionally, grooves or patterns in the micro-scale created by complex and multi-

step lithography techniques have been used to superimpose these features onto metallic 

implants, for the purpose of controlling cellular orientation and thereby achieving tailored 

functions [13-14]. However, anodization by itself has never been reported as a means of 

generating aligned nanopores aimed at achieving tailored cellular proliferation and alignment. 

The SEM images presented in Figure. 4c-d clearly show the effective spreading, adherence 

and alignment of the osteoblasts and fibroblasts onto the micro-grooved and nano-engineered 

surface of TNS-70. The ordered cellular alignment has implications towards directing cellular 

fate and achieving desirable cellular modulation relevant to soft- (fibroblasts) and hard-tissue 

(osteoblasts) integration. 
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 For a better understanding of the cellular spread morphology, we compared the time-

dependent fibroblast adhesion between TNS-70 and the original as-received Rough-Ti 

surface, with the SEM images presented in Figure 5. Significant changes can be seen from 

6h onward, whereby more pronounced filopodia or stress fibers are evident on the TNS-70 

surface as compare to the Rough-Ti. The very formation and re-alignment of cellular fibrous 

components on the implant surface creates mechanical stress, which directs cell fate via 

‘contact guidance’, i.e. cellular spreading, elongation, alignment and directed cell migration 

[15]. Furthermore, from Day 1 onward, clear evidence of further cell elongation and 

stretching along the direction of the pores can be observed (Figure 5f,h). This corresponds 

with previous reports demonstrating that fibroblasts respond to surface topography via 

changes in alignment, proliferation and extra-cellular matrix production [16]. It should be 

noted that the cells also elongate on the Rough-Ti surface, however their orientation is 

random. Although cell behaviour at the implant-tissue interface is influenced by multiple 

factors including implant topography, pore size, and chemistry, it has been recognised that for 

the initial cellular interaction (up to 48 hrs), the effect of the topography supersedes that of 

the chemistry of the substrate [17]. 
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Figure 5. SEM images showing a time-dependent change in fibroblast spread morphology 

compared between Rough Ti and TiO2 nanopores (TNS-70) samples. Scale bar = 10µm. 
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4. Conclusion 

Avoiding the use of multi-step anodization, this study describes the fabrication of 

horizontally aligned TiO2 nanopores with preserved underlying substrate features, resulting in 

a dual micro-rough and nanoporous topography. The mechanically robust structures 

demonstrated selective cell proliferation and alignment, whereby macrophage growth was 

diminished, while that of osteoblasts and fibroblasts remained unaffected. Furthermore, this 

study reports that the dual micro/nano architecture induced alignment of fibroblasts and 

osteoblasts on the nanoporous surfaces. Thus, this novel strategy holds considerable promise 

towards achieving desirable cellular function/bioactivity at the Ti implant–host tissue 

interface, both in terms of modulating the inflammatory response through reduced 

macrophage proliferation, as well as enhancing soft- and hard-tissue integration through 

enhanced cell guidance and alignment. 
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Titania Nanopores with Dual Micro-/Nano-

Topography for Selective Cellular Bioactivity 

 

Highlights 

 Single-step fabrication of dual micro-rough and nanoporous titanium 

surfaces 

 Mechanically robust aligned nanopores with preserved underlying micro-

features 

 Upregulated attachment and adhesion of osteoblasts and fibroblasts 

 Reduced macrophage proliferation and adherence 

 Osteoblasts and fibroblasts align parallel to the nanopore arrangement 
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